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ABSTRACT

The high resolution

nmr spectra of the substituted flavin,

3 -N-methy1riboflavin tetraacetate (3-Me-RTA), and its non-aqueous solu
tion complexes with Eu(fod)3 , Gd(fod)3 , and M 0 CI4 were studied in order
to try to discern the binding sites of the flavin as it attaches to the
molybdenum.

Evidence was found that all three metal ions, Eu(lll),

Gd(lll), and Mo(lV), are attached in solution not only to the primary
binding site of the flavin, viz., the N( 5 ) and 0 (k) atoms, but also
to an acetyl oxygen on the ribityl side chain.

300

spectra of the

3-Me-RTA permitted the coupling constants for the side chain methine
and methylene protons to be obtained.
In addition to the above, a series of fifteen Mo(lV) tetrakisdithiocarboxalato complexes, twelve of which are new and five of which
contain newly synthesized dithiocarboxalato ligands, were prepared by
a newer, simpler, and more dependable method.

The procedure involves

the reaction of MoC 14 '2 CH3 CH2 CH2 CN with the acid form of the ligand.
The ligands

include

the following acids: dithiobenzoic acid, £-methoxy-

dithiobenzoic acid, £-methyldithiobenzoic acid, o-methyldithiobenzoic
acid, £-fluorodithiobenzoic acid, £-chlorodithiobenzoic acid, £-phenyldithiobenzoic acid, £-formyldithiobenzoic acid, £-acetyldithiobenzoic
acid, £-benzoyldithiobenzoic acid, £-N,N-dimethylaminodithiobenzoic
acid, £ —N,N—diethylaminodithiobenzoic acid, £-N,N-dibutylaminodithiobenzoic acid, 2 ,k , 6 -trimethyldithiobenzoic acid, and 1 -dithionaphthoic
acid.

The

nmr spectra of nine of the complexes were obtained along

with the spectra of the corresponding free acids and their tetraalkyl
ammonium salts in order to study the effect of varying the X group upon

the charge distribution within the ligand molecule and how that charge

2

distribution is influenced by the d
the

13

metal electron system.

Based on

C data, it was determined that the charge distribution within the

ligand molecule is changed very little upon complexation of the acid
to the molybdenum.

That is, there is little or no delocalization of

electron density from the molybdenum into the TT-aromatic system of the
ligand or vice-versa.
The first complexes of titanium(lV) with dithiobenzoic acids,
specifically Ti(dtb)3Cl and Ti(mdtb)3 Cl (where dtb = dithiobenzoate
ion and mdtb = £-methoxydithiobenzoate ion) were also prepared.

The

complexes were then hydrolyzed to produce the respective oxo-bridged
species, [Ti(dtb)3 ]20 and [Ti(mdtb)3 ]2 0 .

The latter two appear to be

the first seven-coordinated oxo-bridged Ti(lV) species involving sulfurdonor ligands.

The first tin(lV) dithiobenzoato complex, Sn(dtb)2 Cl2 ,

was also prepared.
The complexes were completely characterized and were studied by
thermal, resonance, and spectral methods.

HISTORY

Until the middle of the eighteenth century, much confusion existed
as to the nature of graphite and what is now known as molybdenite (Mo S2 ).
In fact at that time both were sold under the same name: molybdan or
molybdenum.

In 1778 this confusion

as cleared up by C.W. Scheele who

showed that when molybdenite was heated with nitric acid a white residue
remained whereas under similar treatment graphite remained unchanged.
Four years later, P„J. Helm successfully isolated the metal as a fine
black powder by heating the oxide with charcoal in linseed oil.

However,

it was not until 100 years later that H. Moisson was able to fuse
molybdenum by heating a mixture of the dioxide with carbon at high tem
perature in an electric furnace.

The metal thus obtained was 9 2 -98 %

molybdenum.
Before 1939 the most extensive use of molybdenum was in the form of
wire and strip in the lamp and radio tube industries and as anode grids
and caps in X-ray tubes.

Since that time molybdenum has been used in

ever increasing amounts in the manufacture of iron-based alloys, where
approximately 85 % of the molybdenum now produced goes.

Most alloy

steels contain less than 1% molybdenum whereas some of the newer super
strength grades contain higher amounts.

The principal advantages for

the uses of molybdenum in alloy steel were found to be the improved
hardenability, the increased toughness, the avoidance of high temperature
brittleness, and the maintenance of high temperature properties.
In addition to the metallurgical

uses, molybdenum has found other

industrical applications such as pigments, as lubricating agents,
and especially as catalysts.

Molybdenum-containing catalysts are now

gaining wide use in many petroleum and chemical processes.
xiv

Molybdenum

compounds either serve as the principle catalyst or as activators of the
other catalysts.

One of the most important properties of the molybdenum

compounds is the ease of interchangability of sulfur and oxygen.
prevents the

poisoning

This

of the catalysts by trace amounts of sulfur which

usually occurs for other catalysts not based on molybdenum.
With the advent of improved analytical techniques, trace amounts
of molybdenum has been found to be important in the life processes of
both plants and animals^ although its function and minimum levels have
not been clearly established.

A number of enzyme systems have been found

to contain not only molybdenum but also iron and sulfur.

Recently

model systems have been devised to mimic these enzyme activities, however
all have been done at considerably lower levels of efficiency.

xv
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PART I

AN 1H NMR STUDY OF THE INTERACTIONS OF A FLAVIN DERIVATIVE WITH
MOLYBDENUM(IV), EUROPIUM(III), AND GADOLINIUM(III)

1

CHAPTER I .

INTRODUCTION

It is now well established that molybdenum is a constituent of
at least five different enzyme systems:
tase,

5

xanthine oxidase,

6

nitrogenase,

aldehyde oxidase,

7

4

nitrate reduc-

and sulfite oxidase.

8

These enzymes catalyse the conversion of molecular nitrogen to ammonia,
nitrate to nitrite ion, xanthine to uric acid, aldehydes to carboxylic
acids and sulfite to sulfate ion, respectively.

The exact role of mo

lybdenum in the catylatic reactions of these and other enzymes is
difficult to ascertain with any degree of certainty even with those en
zymes which can be obtained in reasonable quantities and in very pure
state.

Unfortunately, the complexity of the enzyme systems and the

relatively low concentration of molybdenum in the enzymes make X-ray
data, even in low resolution, unavailable.

Nevertheless,

it is reason

able to assume that each molybdenum atom has several oxidation states
available to it.

While it is clear that the highest available state

is + 6 , the lowest state should be dependent upon the nature of the
reducing agent, the role of the ligands, and the pH of the medium.
Thus, the resting state of the enzymes may involve any one of several
oxidation states of molybdenum.
ries

9 10

On the other hand, current theo-

for the mechanisms of interaction of substrates with one of

the enzymes center around the possibility that Mo(IV) is an active
species unlike older theories which focused most attention on the Mo(V)
- - 11 -1 3
state.

2

3

The oxidation of substrates by some molybdenum-containing enzymes
is generally thought to occur by the process

Substrate -*■ Mo -* FAD

(FAD = flavin adenine dinucleotide).

Fe

14

0^

(1)

However, for the nitrate reduc

tases, the electron transfer scheme appears to be'*’’’

Substrate -> NADH -* FAD + Mo

Fe + NO^

(2)

(NADH = nicotinamide adenine dinucleotide phosphate).

Nevertheless,

regardless of the direction of the electron flow, most evidence indi
cates a close interaction between the molybdenum and flavin in these
systems.

The fact that the interaction between the two is strong

enough to promote electron transport and to effect spin relaxation
mechanisms (from ESR studies) may be indicative of complex formation.

16-18
This uncertainty in the degree of interaction between the molyb

denum and flavin as well as the interest in the electron-transport pro
cess in the molybdoflavoproteins have prompted several studies of the
interactions between flavins and flavocoenzymes with molybdenum and
various other metals.

The extensive review by Hemmerich and Lauterwien

is a valuable background to much of this literature.

19

Most of the

studies have been carried out in solution, mainly by Hemmerich and coworkers;

19

but more recently there have also been X-ray structural

studies of metal-flavin complexes, primarily by Fritchie and coworkers.

20-25

The solution work, mainly in aqueous but more recently

in non-aqueous media, has led to the recognition of at least three

types of metal-flavin complexes.

19

This work, but in particular the

solid state structural work, has also established certain structural
features related to metal-ligand binding at several potential binding
sites of the flavins.

Whereas X-ray structures clearly establish

metal-ligand binding sites, these may only be inferred from solution
data.

It is far from certain that solution and crystalline state

structures are necessarily the same when fluxional ligands such as
flavins are concerned.

Moreover, solution studies should provide more

relevant models for the enzyme systems especially since there is mount
ing evidence that the protein fragment of flavocoenzymes provides a
non-aqueous environment.

26-27

One means for obtaining structural information on species in so
lution is through high resolution nuclear magnetic resonance (nmr).
Relatively little nmr data on metal-flavin interactions are available
in the literature.

In 1972 a brief account of the

riboflavin tetraacetate and its complexes with Fe
Cu

2+

2+

nmr spectra of
, Co

2+

, Ni

2+

, and

in acetone-d, was presented by Hemmerich, Lauterwein, and Lhoste.
—o
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A full account of that work including additional information on the
+
+
2+
2+
2+
2+
3+
nmr of complexes of Cu , Ag , Zn , Cd
, Mn
, Mg
, and Fe
was
later published.
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These studies, which are in full agreement with

the crystals studies of

Fritchie et al. , showed that the more polariz-

■}*
2'4-*
2*4*
2*4"
able monovalent or divalent ions such as Cu , Ag , Zn
, Cd
, Fe
,
Co2+, Ni2+, and Cu2+ chelate at the "primary binding site", N(5) and
0(4), of the flavin, whereas the less polarizable ions such as Mg
Mn

2+

, and Fe

3+

2+

,

form only monodentate complexes very weakly bound to the

flavin at the carbonyl oxygens, either 0(4) or 0(2).

Proton nmr studies

of quinolinate complexes of Mo(VI,V) and V(V) of the type MoQ 2 02 ,
Mo 2 0sQ4> and VO(OH)Q2> respectively, have also been reported as models
of molybdenum-flavin species.
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These studies indicated the existance

of strong, covalent metal to ligand-oxygen bonding, but due to the
trans effect of the oxo oxygens, only weak labile metal-nitrogen
interactions.
Inasmuch as molybdenum and a flavin (FAD in particular) are essential co-factors in several enzyme systems
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and since neither X-ray

nor any kind of solution studies have established the ligand binding
sites of flavins on molybdenum,
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a detailed

1
H nmr study of solutions

of a particular molybdenum-flavin system was undertaken in this work.
From earlier studies it is not clear that biological molybdenum and
FAD are even near each other, except possibly during a turnover of the
enzyme molecule, and so it is recognized that this study may or may
not have any relavance to the biological systems.

In any case, the

study did reveal some new and interesting chemistry of both molybdenum
and of the derivative of riboflavin, 3 ~N-methylriboflavin tetraacetate,
which was employed as a model of FAD.

Two lanthanide reagents, Eu(fod )3

and Gd(fod)3 , were also used in this study as an aid in understanding
the nature of the flavin in solution.

CHAPTER II.

EXPERIMENTAL PROCEDURES

A. Technique

Since some of the compounds used in this work were very sensitive
to both moisture and oxygen, an inert atmosphere was needed in order
to work with these compounds.

A steel dry box filled with dry nitro

gen was provided for this purpose.

The nitrogen atmosphere in the dry

box was continuously purged by circulation first through a heated oven
packed with copper turnings, then through a column filled with Linde
13X molecular sieves, and finally through a column packed with manganous oxide, MnO, supported on vermiculite.

Manganous oxide, a green

pyrophroic compound, rigorously removes

from the system.
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In some of the work where the rigorous conditions achieved in the
dry box were not required, a plastic glove bag was used.

The bag was

first evacuated, then thoroughly flushed with dry nitrogen, and finally
filled with dry nitrogen.
Compounds which were known or suspected of being air-sensitive
were dried in vacuo in the dry box in vials equipped with ground glass
caps and side arm stopcocks.

The compounds were then stored in the

dry box in vacuo in the same vials.
Compounds collected by filtration inside the dry box were col
lected by pressure rather than by suction filtration.

The pressure

filtration apparatus consisted of a length of rubber tubing connecting
a nitrogen supply to a one-hole rubber stopper sized to fit the top of

6

7

a fritted glass funnel.

In addition, the solids could be dried by

allowing the nitrogen stream to pass through the filter for extended
periods.
All of the solutions used in the nmr study were prepared in the
dry box.

CDCl^ was used as the solvent for the nmr work involving

EuCfod)^ and GdCfod)^.

On the other hand, because of the very low

solubility of MoCl^ in CDCl^, it was dissolved in a 99:1 CDCl^-ethanol
mixture.

These "reagent" solutions were stored in 8.0 ml septum vials

capped with teflon ’mininert' valves (obtained from Precision Sampling
Corp., Baton Rouge, La.).

The vials were then transferred from the

dry box to a nitrogen-filled glove bag where easy and continuous sampl
ing could be carried out.

During a typical nmr determination, the nmr

sample tube containing the flavin solution was placed in the glove bag
and an incremental amount of the reagent solution was then added with
a Hamilton microliter syringe.

B. Materials

Materials not specifically mentioned below were reagent grade
chemicals and were not purified further.

1. Solvents

Ethanol, chloroform, ethyl acetate, and isopropyl ether were re
agent grade materials which were dried over Linde 3A molecular sieves.
Butyronitrile (Aldrich) was refluxed over CaH^ for 48 hrs.

It

was then distilled under nitrogen and stored in the dry box.
The absolute ethanol used in the nmr experiment was distilled

8

under nitrogen from magnesium.
Petroleum ether and dichloromethane (both reagent quality materi
als) were refluxed over
nitrogen.

^or ^

hrs. prior to distillation under

They were then stored in a dry box.

Benzene (reagent grade) was refluxed over sodium metal for 12 hrs.
Benzophenone was added and the benzene distilled under nitrogen from
the blue sodium-benzophenone ketyl.
Chloroform, to be used in the preparation of the molybdenum-flavin
complexes, was dried over 3A molecular sieves and then degassed.
degassing procedure is as follows.

The

The CHCl^ was frozen in liquid

nitrogen in a heavy-walled round bottom flask fitted with a standard
taper joint stopcock.

After the solvent was frozen, the flask was

evacuated, the stopcock was closed, and the solvent was allowed to melt
and to reach room temperature.

This freezing-evacuating-melting cycle

was repeated three more times.

The CHCl^ was then stored in a dry box.

2. Special NMR Solvents

Chloroform-d, containing 10% tetramethylsilane, was refluxed over
calcium hydride prior to distillation under nitrogen.

Dichloromethane

(spectrograde) was distilled under nitrogen from P^O^ q .

The solvents

were stored in a dry box immediately after distillation.

3. Reagents and Starting Materials

Riboflavin (Baker) was used as obtained.
MoCl^ was supplied in vacuum-sealed ampoules from Climax Molybdenum
Company.

The black powder was freed of any Mo(V) and Mo(VI) impurities

9

by washing it with hot benzene in the dry box until the washings were
colorless.

The MoCl^ was then dried in vacuo and stored in the dry box.

MoCI,. (Climax Molybdenum Co. and Apache Chemical Co.) was purified
by vacuum sublimation.

Emerald green MoOCl^ and white to brownish-white

M o C ^ C ^ sublimed out first (80°C @ 0.5-1.5 mm Hg) and were discarded.
The feathery black MoCI,- crystals sublimed at 110-125°C @ 0.5-1.5 mm
Hg and were used immediately.
Anhydrous GdCl^ (Research Organic/Inorganic Lab.) and 2,2-dimethyl6,6,7,7,8,8,8-heptafluoro-3,5-octanedione (fodll) (Aldrich) were used as
received.
Anhydrous E u ^ o d ) ^ was purchased from Kary Laboratories, Somerville,
N.J.

C. Reactions and Preparations of Compounds

1. Preparation of Known Compounds

(a) C- c H^ qN.0.„, Riboflavin tetraacetate (RTA)
Zz> Zo

h

±U

This compound was prepared according to the procedure of Kyogoku
and Yu.
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The product was obtained as yellow flaky crystals by re

crystallization from ethanol/chloroform.
Anal. Calcd for C 01-,HOQN,CLn :
ZD zo b 1U

Yield:

82%.

m.p. 243-44°C.

C, 55.14; H, 10.29; N, 5.18.

Found:

C, 54.95; H, 10.35; N, 5.27.

(b) ^26^30^4^105 3-N-Methylriboflavin tetraacetate (3-Me-RTA)
The procedure followed was essentially that of Hemmerich.
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Ri

boflavin tetraacetate (2.370 g, 4.35 mmol) was dissolved in 200 ml of
acetone.

Finely ground anhydrous ^ C O ^

(0.601 g, 4.35 mmol) and methyl

10

iodide (1.00 ml, 9.93 mmol) were then added to the stirred yellow solu
tion.

The progress of the reaction was followed by thin layer chroma

tography on silica gel plates which were developed with a 50-50 ethyl
acetate-chloroform mixture.

A small yellow spot followed by a larger

yellow spot appeared after a 6 hr. reaction period.

The reaction was

continued until the lower spot no longer appeared in the test samples
(about 2 days).
tone removed.

The reddish-orange solution was filtered and the ace
Yellowish-orange crystals were obtained by recrystalliza

tion of the crude product from ethanol/isopropyl ether.
m.p. 183-184.5°C.

Anal. Calcd. for C ^ H ^ N ^ q :

N, 10.03.

C, 55.29; H, 5.22; N, 9.84.

Found:

Yield:

87%.

C, 55.90; H, 5.41;

(c) Gd(fod)3> Tris(2,2-dimethyl-6,6 ,7,7,8 ,8 ,8 -heptafluoro-2,5octanedianato)gadolinium(III)
This compound was prepared according to the procedure of Springer,
Meek, and Sievers.
Gd(N 0 3 ) 3 was used.
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The only difference was that GdCl^ instead of
Anhydrous Gd(fod)^ was obtained by drying the wet

product in vacuo over

f°r 48 hrs. at room temperature.

Calcd. for Gd(fod)3> GdC 3 QH 30 F 2 ;LO 6 :

C, 34.55; H, 2.91.

Anal.

Found:

C,

34.71; H, 3.05.

(d) MoCl^'2CH 3 CH 2CH 2 C N , Tetrachlorobis(butyronitrile)molybdenum(IV)
The procedure used was similar to that of Allen, Fowles, and
Brisdon.
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In a dry box, 50.0 ml of dry butyronitrile was added to a

125 ml erlynmeyer flask containing 15.0 g (55.0 mmol) of freshly sub
limed MoCl^.
solved.

The mixture was heated until all of the MoCl^ had dis

The flask was tightly stoppered and the dark brown solution

11
allowed to sit undisturbed for 24 hrs.

Large dark brown needles were

collected by filtration, were washed with petroleum ether, and were
dried under vacuum at room temperature for 12 hrs.
Calcd. for M o C l ^ C g H ^ ^ :

Yield:

C, 25.56; H, 3.76; N, 7.45.

81%.

Found:

Anal.

C, 25.20;

H, 3.76; N, 7.31.

2. Preparation of Molybdenum(IV)-Flavin Complexes

(a) MoOClg’S-Me-HRTA-l^SHCl, 3-N-Methylriboflavin tetraacetate
trichlorooxomolybdate(IV) sesquihydrochloride
This compound was prepared by the reaction of 0.290 g (1.22 mmol)
MoCl^ with 0.682 g (1.22 mmol) of 3-N-methylriboflavin tetraacetate
(3-Me -RTA)

according to the procedure of Selbin, Sherril, and Bigger

for the preparation of MoOClg"HRTA-HCl.
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The infrared spectrum of

MoOClg'S-Me-HRTA-l^HCl contains a band at 980 cm ^ which is consistent
with the presence of a Mo^O moiety.

This band is absent in the spectrum

of the free ligand and is similar to the 984 cm ^ band in the MoOClgHRTA complex of Selbin et al., which was assigned to the Mo=0 stretch.
The complex has a magnetic moment of 2.24 B.M. at 305°K.
A nal. Calcd. for MoOClg•3-Me-HRTA-l^HCl, C26H 31N 4°10:
3.94; N, 6.73.

Found:

Yield:

68 %.

Cj 37'51; H >

C, 37.85; H, 4.06; N, 6.52.

(b) MoCI^•3-Me - RTA, Tetrachloro(3-N-methylriboflavin tetraacetate)
molybdenum(IV)
To 25 ml of a solution of 0.423 g (1.12 mmol) of MoCl^*2CHgC I ^ C ^ C N in 40 ml of dry dichloromethane in a dry box was added 0.626 g
(1.12 mmol) of 3-N-methylriboflavin tetraacetate in 10 ml of dry di
chloromethane.

The solution turned immediately to a very dark purple.

12
Dry petroleum ether was added until a precipitate started to form.
The flask was tightly stoppered and was allowed to sit undisturbed for
three hours.

The precipitate was collected by filtration, was washed

with petroleum ether-dichloromethane (1:1), and was then dried in
vacuo.

The infrared spectrum of this compound was almost identical to

that of MoOCl^•3-Me-HRTA*l%HCl with the exception that the band at 980
cm ^ (M=0 stretch) was absent.
2.33 B.M. at 305°K.
C 26 H 30 N 4 °i 0MoC1 4 :

Yield:

The complex has a magnetic moment of

68%.

Anal.
---- Calcd. for MoCI.•3-Me-RTA,
4

c » 39-21; H > 3 -8°; N * 7 -04-

Found:

C, 39.09; H,

3.90; N. 6.93.

D. Analysis and Physical Measurements

Carbon, hydrogen, and nitrogen analysis were carried out by Mr.
R. L. Seab, a staff member of the L.S.U. Department of Chemistry.
Samples containing nitrogen were analyzed on a Perkin-Elmer Model 240
Elemental Analyzer.

Samples containing no nitrogen were analyzed by

the use of a Coleman Model 33 Carbon-Hydrogen Analyzer (Coleman Instru
ment Corp., Maywood, Illinois).
For the nmr work involving Eu^od)^, Gd^od)^, and MoCl^, the 100
MHz spectra were obtained on a Varian Associates HA-100 spectrometer
operating at 25°C.

The 300 MHz spectra of 3-N-methylriboflavin tetra

acetate were obtained on a Varian Associates HR-300 spectrometer at
the University of Akron Institute of Polymer Science with the aid of
Mr. Everett R. Santee.

A small amount of tetramethylsilane (TMS) was

added to the CDCl^ solutions of the samples to act as an internal
standard as well as an internal lock signal.

13
Magnetic susceptibility measurements were obtained by the nmr
method of Evans
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in dichloromethane solutions at 32°C.

A Varian

Associates HA-60 spectrometer was used for this purpose.

The nmr

cells used were precision made coaxial tubes obtained from Wilmad
Glass Co., Inc.

The inner tube (o.d. 3mm, i.d. 2mm) was centrally

held by two movable glass spacers.
cision ground Pyrex.

Tubes and spacers were both pre

The contribution to the measured susceptibility

from the diamagnetic ligand molecules was eliminated by including an
equal concentration of the ligand in the reference solution.
A Perkin-Elmer Model 621 infrared grating spectrophotometer was
used to measure the infrared spectra in the 4000-200 cm ^ region.
Solids were run as mulls between NaCl, KBr, or Csl plates.

The mulling

agents used were nujol, hexachlorobutadiene, and Kel-F polymer oil.
In the situations involving air and moisture sensitive compounds, the
mulling agents were dried by sti.rring with powdered calcium hydride
at 60°C for three hours, were then filtered through sintered glass
filters, and were finally stored in the dry box in tightly stoppered
flasks.

The mulling of air and moisture sensitive compounds was con

ducted in the dry box.

CHAPTER III. 1H NMR STUDIES ON 3-N-METHYLRIBOFLAVIN TETRAACETATE

A. Lanthanide Shift Reagents

The number of possible applications of nmr spectroscopy has rapid
ly increased throughout the past few years.

New fields of applications

have opened up mainly from progress in instrumentation such as the de
velopment of superconducting solenoids, the development of various
spin-decoupling techniques, and the development of pulsed Fouriertransform spectroscopy.

However, another technique, the nmr "lanthanide

shift reagent technique" has also been recently utilized.

This tech

nique is much less expensive but nevertheless extremely useful in both
spectral assignment and structural elucidation of organic compounds.
In 1969, Hinckley reported that the dipyridine adduct of tris
(dipivaloymethanato)europium(III), Eu(dpm)^py^ > caused large shifts
in the proton nmr spectrum of cholesterol monohydrate when placed in
solution with this molecule.
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He coined the term "shift reagent",

which can refer to any molecule or complex capable of shifting the
nuclear magnetic reasonance signals of substrate molecules.

Since his

discovery, numerous lanthanide chelates of the general formula LnX^
(where X is a B-diketonate and Ln is a particular lanthanide ion) have
been introduced.

Generally, the chelates of europium, ytterbium, and

praseodymium are preferred since they induce the greatest shift with
out significantly broadening the nmr proton signals.
Rondreau and Sievers, in 1971, reported that the reagents contain
ing the fluorinated ligand, 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,
5-octanedione or fod for short, e.g. Eu(fod)g and Pr^od)^, were

lk

15
superior to other lanthanide chelates since they induced shifts up to
four times as great in magnitude.
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The success of the fluorinated

shift reagents was attributed to their improved solubility and in
creased Lewis acidity due to the electron withdrawing effect of the
fluorine atoms.
Fortunately, these induced chemical shifts, brought about by
secondary internal fields originating from the unpaired electron
spins on the lanthanide ion, are different for different sets of
equivalent nuclei in the substrate.

Consequently, the lanthanide

reagents quite often produce enhancement of spectral resolution.

This

is accomplished by a separation, on the chemical shift scale, of
sets of nuclei without destroying the nuclear spin-spin coupling af
fects.
All available evidence points to the existence of a rapid (on
the nmr time scale) equilibrium between the substrate molecules co
ordinated to the lanthanide ion and the excess uncomplexed substrate
molecules free in solution.

It is during this period of intimate as

sociation with the paramagnetic ion that the large chemical shifts
are experienced.

Due to the labile nature of the equilibrium, what

one normally sees in the shifted spectrum are averaged environments
of the nuclei in the complexed and uncomplexed substrate.

The posi

tion of a given peak is therefore related to the stability of the
complex formed, the amount of shift reagent added, and the McConnellRobertson equation, which will be discussed later.
The nature of the induced shifts arising from the presence of a
paramagnetic lanthanide complex has been expressed as a sum of a

16
contact term (the so-called Fermi contact interaction) and a pseudo41
contact term (a dipolar or through-space interaction).

The contact

term, a through-the-bond interaction, occurs mainly from unpaired
electron density finding its way to the neighborhood (actually as s
orbital possessed by the resonating nucleus) of the reasonating nu
cleus via the bond system between the source of the unpaired electron
density and the reasonating nucleus.

Thus, it is directly proportional

to the amount of unpaired electron spin density that is "in contact"
with the nucleus.

This contact term, however, is generally assumed to

be negligible since the unpaired electrons of the lanthanide reagents
reside in highly shielded 4f orbitals whose radial extensions are ex
ceedingly small, thereby greatly diminishing any contact interactions.
As a consequence, the induced shifts are attributed predominantly to
the pseudocontact (dipolar) term.

This, however, is not without con

troversy especially for strongly binding substrates such as pyridines,
bipyridyl, pyridine

N-oxxdes,

etc., with extended ir-systems.

42 43
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The induced chemical shifts arising from the pseudocontact (di
polar or through-space) interaction has been described by the
McConnell-Robertson equation,

Al

Y

=

D

l\l\ L,5
'

,3 .C O S 2 ^ ; -

1

(3 )

r3

where Ay is the induced shift, y is the strength of the applied field,
D is a constant dependent upon the temperature and the magnetic sus
ceptibility of the complex, r_ is the distance from the lanthanide ion
to the proton, and ■©• is the angle between the principle magnetic axis
of the complex (usually assumed to be essentially colinear with the
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lanthanide-substrate bond axis) and the proton.

The incremental shifts

are thus predicted to be proportional to the inverse cube of the metalproton distance.

The relative sign, on the other hand, is given by the

angle, ■©■.
The angle factor, 3 cos

2

JQ.-1, in the above equation gives positive

values except for ■©• greater than 55° but less than 125°.

At these

"critical" angles the induced shifts are predicted to be opposite in di
rection to the normal shifts, e.g. upfield for EuCfod)^.

This reversal

2

in direction of the shift corresponds to the term 3 cos -e-1 becoming
negative for this range of angles.

When -o. is at the critical angles,

54.7° and 125.3°, the angle term is zero and the equation thus predicts
no pseudocontact shift.

Consequently, this geometrical dependence of

the pseudocontact shift had been used to account for the occasional ob
servance of either zero shift, an upfield shift, or a small shift of
some peaks in the

nmr spectrum of organic substrates upon addition of

45
Eu(fod)^ or EuCdpm)^ (dpm=dipivalomethanato).
Several hundred papers have appeared in the literature since 1972
regarding the use of shift reagents.

Controversy still exists on which

of the various geometrical functions should be used to correlate the
observed shifts.

Many authors have chosen to completely ignore the

angle term and have achieved a reasonable correlation with just the
distance factor
tance. ^

^

1

3
/r , x^here _r is the metal-proton internuclear dis

Others have noted, as above, the superiority of the (3

2
-3
51 52
cos -o-l) r
function.
5

Still others have taken a more empirical

approach and have found a correlation xvith the distance function V r 11,
where n varies from 0.2 to 3.6.

53-55

The distance r has also been

18

estimated in various ways, sometimes being taken as the distance from
the proton to the coordinating atom
than the lanthanide ion.

47 48
52
'
or lone pair periphery
rather

Several attempts have been made to computer

fit the experimental to geometrical parameters by minimizing the de
viations between the experimental and computed chemical shifts.^ ^
Nevertheless, the fact that in some cases one or another of the ap
proaches is able to correlate a reasonably large number of observed
shifts suggests that they can provide a fairly reliable aid in deter
mining the conformation and structure of organic molecules in solution.

B. The Flavin, 3-N-Methylriboflavin Tetraacetate

The 100 MHz ^H NMR spectrum of 3-N-methylriboflavin tetraacetate
(3-Me-RTA)

in

chloroform-_d is shown in Fig. 1 (bottom spectrum).

The

nmr assignments of the flavin protons were based on previous studies
on related systems.

The structure and numbering system of 3 -M e -R T A

is shown below.

In 1968, Sanaa, Dannies, and K a p l a n ^ assigned the isoalloxazine
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300 MHz spectra of the 4 to 6 6 region of 3-Me-RTA in acetone-d^ and in
CDCI 3 at various temperatures.
The bottom spectrum is the complete 100
MHz spectrum in CDCl^.

protons of flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD) on the basis of the computed ir-electron densities of Pullman and
Pullman
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for the oxidized ring of FMN.

The correlation between elec

tron densities and aromatic proton chemical shifts has been discussed
by several authors.

63—66

In general, the proton bonded to the highest

n-electron density carbon experiences the largest diamagnetic (high
field) shift.

On this basis, Sarma et al.
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assigned the lower of the

aromatic proton resonances to the isoalloxazine C - 6 proton and the
higher to the isoalloxazine C-9 proton in FMN (calculated n-electron
densities are 1.004 and 1.063, respectively).

The same argument was

applied to the C- 8 and C-7 methyl protons whose calculated ir-electron
densities are 0.943 and 0.949, respectively.
The above theoretical arguments are in agreement with the earlier
experimental assignments of Bullock and Jardetzky.^

In 1965 these in

vestigators observed the decrease in amplitude of the low field methyl
peak when a solution of FMN in D 2 O buffered at a pH of 6 .8 to 6.9 was
heated to 92-93°C.

This decrease was attributed to the exchange of the

C -8 methyl protons with the solvent via the intermediate shown below.
Further evidence for this assignment was obtained by the same authors

c h 2c h o h c h o h c h o h c h 2 o p - o “

NH H

from a comparison of the spectra of lumniflavine (7,8,10-trimethylisoalloxazine) and its 7-ethyl analogue.

The disappearance of the low

21

field methyl peak and the appearance, in the same region, of a methylene
reasonance (quartet) was observed.

Also, based on the comparison of the

spectra of lumniflavine and its 9-deutero analogue the high field aro
matic peak was assigned to the C-9 proton and the low field to the C -6
proton.
A recent

NMR study of a series of approximately thirty alloxa-

zines, isoalloxazines, and certain cationic derivatives has unequivocally
verified the above assignments of the isoalloxazine ring protons.
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This was achieved by selective deuteration and by spin-spin decoupling
experiments.
The methine and methylene resonances of the N(10) ribityl side
chain protons were tentatively assigned by Hemmerick, Lauterwein, and
Lhoste in 1974.

29

Selective decoupling experiments on the side chain

of riboflavin tetraacetate

(RTA)

revealed the magnetic nonequivalence

of both the 1'- and 5'-methylene protons, the former appearing at lower
field due to the ring current diamagnetic shielding effect of the iso
alloxazine ring.
In the 100 MHz spectrum of 3-Me-RTA

(Fig. 1), the resonances cor

responding to the side chain protons are indecipherable.

This prevented

the measurement of the coupling constants and the subsequent verifica
tion of the Hemmerick assignments.

Therefore, 300 MHz spectra were ob

tained (see upper spectra in Fig. 1).

The first order spectral analysis

yielded all of the coupling constants (Fig. 1) and led to the unequi
vocal assignments of the side chain protons.

These results are in har-

29
mony with the work of Hemmerick et a l .
Three of the four resonances corresponding to the side chain acetyl

groups of 3 -Me-RTA have

shift values between 2.0 and 2.4 6 (see bottom

spectra in Fig. 1) which is the normal range for acetyl groups.

How

ever, the fourth signal appears at an abnormally high field (6 = 1.75).
nmr studies on two flavins having varying chain lengths, 1 0 - ( 2 *acetoxyethyl)flavin and 10 -(5'-acetoxypentyl)flavin, have led to the
assignment of the high field signal (6 = 1.75) to the 2 '-OCOCH2 methyl
protons and the next highest (6 = 2 .10 ) to the S ’-OCOCH^ methyl protons.

29

The high field shift of the 2 '-0 C0 CH 2 signal has been attrib

uted to an intramolecular (independent of concentration) ring current
effect associated with the back folding of the side chain over the
isoalloxazine ring which positions the 2 '-0 C0 CH 2 in the shielding re
gion above the aromatic A ring.

This is in agreement with the calcu

lation of Grissner-Prette and Pullman on the screening of a proton 3.5
A 0 above the isoalloxazine plane.
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The acetate signals at 2.25 6 and 2.32 6 are assigned to the
S'-OCOCH^ and the A'-OCOCH^ methyl protons, respectively (vida infra) .

C. The Flavin and Eu(fod)^

The addition of incremental amounts of Eu(fod)^ to a chloroform-d_
solution of 3-Me-RTA induced

the shifts shown in Figs. 2 and 3.

Three

aspects of this series of spectra are worthy of note prior to discussion
of the shift data.

First, the signal due to the C - 6 aromatic proton

is immediately and severely broadened as well as shifted upon addition
of Eu(fod)^.

The broadening is particularly evident upon comparison

of the reference spectrum of the flavin (bottom spectrum in Fig. 2)
with the spectrum obtained at a metal/flavin ratio of 0.03:1 (second
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Figure 2.

The complete 100 MHz spectrum of 3-Me-RTA and the resulting
spectra obtained upon incremental additions of EuCfod)^.
The insert spectra at the top (A and B) are spin decoupling
results obtained at a metal to ligand ratio of 0.45:1.
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An extension of Fig. 2 with the Eu(fod)„ to 3-Me-RTA mole
ratio increasing from bottom to top.
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spectrum from bottom in Fig. 2).

Second, the signal due to the 4-OCOCH3

methyl group (blackened in peak in Fig. 2, crisscrossed in Fig. 3) un
dergoes a greater degree of shifting and broadening than the remaining
acetate signals upon addition of Eu(fod)3<

This amount of shifting and

broadening undergone by both the 4 ’-OCOCH3 methyl and the C-6 aromatic
protons is characteristic of substrate protons near the site of complexation between the organic substrate and a shift reagent.

Third, the

spin decoupling experiments (spectra A and B at the top of Fig. 2) per
formed at a metal/flavin ratio of 0.45:1 clearly identifies the signals
at 7.00 <5 and 7.58 6 as the C-4* and C-2'me thine protons, respectively.
As can be seen in spectra B (Fig. 2), irradiation of the signal at 7.00
6 results in the elimination of the spin-spin coupling between the 4r-CH
and 5 -CH 2 protons.

On the other hand, irradiation of the signal at 7.58

6 (spectra A, Fig. 2) results in the collapse of the 2?-CH and l-CI^
signals into a doublet and a quartet, respectively, due to the elimina
tion of the spin-spin coupling between these protons and the 2^-CH pro
ton.
The shifts of the isoalloxazine ring protons as a function of in
creasing Eu(fod)3 concentration are plotted in Fig. 4.

The leveling

off of the curves at a 1:1 metal/flavin ratio supports the formulation
of a 1:1 Eu(fod)3/3-Me-RTA complex.
1:1 ratio fall in the order:

The induced chemical shifts at a

H-6»N - 3 - C H 3>H-9»C-8-CH3>C-7-CH3 .

This

sequence of shifts as well as the extreme broadening and shifting of
the C-6 aromatic proton (vide supra) confirms metal chelation at the
primary binding site of the isoalloxazine ring, N(5) and 0(4), shown
as follows.
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Figure 4.

Shifts in ppm of the isoalloxazine proton
resonances with increasing EuCfod)^ to ligand
mole ratios.

The smaller induced shift of the C-T-CH^ protons as compared to
the shifts of the C-9-H and C- 8 -CH^ protons may be rationalized in terms
of the McConnell-Robertson relationship,
pseudocontact interaction.

2
-3
(3cos -a - l)r
, for the

Although the C-y-CH^ protons are spacially

closer to the europium ion bond at the primary binding site than are
the C-9-H and C-S-CH^ protons, molecular models reveal that the ( W - C H ^
group is at a wider angle with respect to the Eu-N(5) and 0(4) bond
axis than are the C-9-H proton or the C-S-CH^ methyl group.

Conse

quently, a smaller shift is predicted for the C-T-CH^ protons by the

2

above 3cos •©■ - 1 relationship.
A similar argument has been used to explain the sequence of shifts
for the C-5, C- 6 , and C-7 protons of quinoline^ and of several xanthones
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(see structures below) upon addition of Eu(dpm)^ to chloroform-

(1 solutions of these molecules.

As can be seen from Table I, the in

duced shifts for the C-5, C- 6 , and C-7 protons at a 1:1 metal/ligand
ratio fall in the order:

C-5-H>C-6-H>C-7-H.
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6

6

7

7

0
QUINOLINE

K A N T HONE

TABLE I
PROTON CHEMICAL SHIFTS (in ppm) OF QUINOLINE AND SEVERAL
XANTHONES AT A 1:1 METAL/LIGAND RATIO

Proton

1

Quinoline
__a

R2~R3 H

Xanthones
r 2 =h, R 3 =och 3

13.4

13.0
1.27

r 2 =och3> r 3=k

13.4
____b

2

25.1

1 .2 1

3

7.95

1.91

4

7.63

3.08

3.58

3.40

5

5.18

3.08

3.37

3.50

6

4.27

1.91

1.90

2.17

7

3.18

1 .2 1

1.35

1.64

8

2 0 .6

13.4

13.4

15.0

____b

2.17

Compound contains no proton at 1 position.
^Methyl resonances not reported.

The shifting of the methine and methylene side chain protons of the
flavin was also examined and the shifts plotted in Fig. 5 as a function
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A8

5 - ch2

Metal] /

Figure 5.

Shifts in ppm of the methine and methylene side
chain proton resonances with increasing Eu(fod)^
to ligand mole ratios.
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of increasing EuCfod)^ concentration.

Again, 1:1 complexation is

supported by the leveling off of the curves at a 1 : 1 ratio.
Since the variation in angles between the europium ion and the
different side chain protons is small, the sequential order of the
-3
shifts in Fig. 5 may be rationalized by distance term (r ) comparisons
and by certain side chain structural information.

For example, the high

field shift of the 2 1-OCOCH^ protons suggests that the methyl protons
must be located in the deshielding region of aromatic ring A of the
isoalloxazine moiety (vide supra) .

Molecular models clearly show that

with the 2 *-OCOCH^ group locked in that position, one of the l'-CI^
methylene protons can be positioned in the deshielding zone of the

2 ’-OCOCH 2 carbonyl functional group.

This is the probable reason why

one of the l'-CH^ methylene protons is shifted more than the other.
On the other hand, depending on which side of the isoalloxazine
ring system the side chain falls, the C-2* methine proton may be po
sitioned to point directly at the europium ion bound at the primary
binding site, in which case it is the closest side chain proton to the
europium, or it may be positioned to face directly away from the euro
pium.

However, the large shift of its nmr signal suggests that it is

in the proximity of the europium ion and is therefore facing the metal
ion at the primary binding site.
The comparatively large downfield shift of the C-4’ methine signal
(Fig. 5) was unexpected.

This large shift is probably caused by the

proximity of the C-4’ methine proton to the europium ion due to the in
teraction of the europium at the primary binding site with the carbonyl
oxygen of the 4'-OCOCH^ group (vide infra).

Me

fod

.5
0

0

[Eu] /
Figure 6 .

Shifts in ppm of the side chain acetate methyl
resonances with increasing EuCfod)^ to ligand
mole ratios.
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The shifting of the methyl proton signals of the side chain acetate
groups with increasing EuCfod)^ concentration was examined and the re
sults plotted in Fig. 6 .

The 1:1 complexing is again evident from the

evidence in Fig. 6 as is the unexpected result that the A'-OCOCH^ signal
is shifted considerably more than the other three acetate signals.

This

degree of shifting as well as the broadening of the A'-OCOCH^ signal
(Figs. 2 and 3) can be interpreted to mean that the complexing of the
flavin occurs not only through the primary binding site but also via the
A'-OCOCH^ carbonyl function as well.
Molecular models support this interpretation since they show that
with the Z'-OCOCH^ group locked over the aromatic A ring (vide supra)
only the S'-OCOCH^ and the A'-OCOCH^ can come within reasonable bonding
distance to a metal bonded at the primary binding site.

The choice

between these two was made from molecular models by requiring that the
side chain configuration conform to the other side chain shift data.
Thus from model studies and in particular on the basis of the
nmr shift data for the C-A* methine proton and the A'-OCOCH^ methyl
protons, it is proposed that at least in solution there is strong evi
dence that the europium is bound by three ligand atoms, the primary
binding pair (N(5) and 0(A)) and the carbonyl oxygen of the A ’-acetate.

D. The Flavin and Gd(fod)g

Gadolinium(III)

(an f^ system with each f orbital singly occupied)

g

has an

^-j j 2 8 round state and thus its complexes are magnetically iso-

tropic and do not exhibit any dipolar (pseudocontact) shifts.
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Several

investigators have shown that while the addition of gadolinium chelates

33

to solutions of organic substrates produced no detectable shifts, they
did severely broaden the

nmr signals, which in some cases were so

severely broadened that they were undetectable.
of

73-75

This broadening

X

6
H nmr lines has been shown to be dependent upon 1/r , where r_ is the

gadolinium-proton intemuclear distance.

72 76-78
’

Recently, Barry and co-workers have shown the potential of using a
double lanthanide reagent technique in which the data obtained from a
shift reagent is used in conjunction with the data obtained from a broad
ening reagent, e.g. GdCfod)^ in order to obtain very useful structural
information.The

success of the technique resides not only in the

fact that the broadening caused by the addition of the gadolinium is
governed solely on the sixth power of the Gd-proton distance, but also
in the fact that unlike the ions of the transition metal series, the
various lanthanides are very similar chemically and are expected to bind
a given substrate in a similar fashion.

Thus, provided that the shifting

data and the broadening are consistent with a given structure, there is
little danger that this structure is incorrect.
The addition of GdCfod)^ to a chloroform-d_ solution of 3-Me-RTA
produced very meaningful results for both the isoalloxazine ring and the
side chain acetate protons.

The signals due to the ribityl methine and

methylene protons, however, were too weak and too poorly resolved at
100 MHz to be of any use.
The line width broadening (measured at half peak height) as a func
tion of increasing GdCfod)^ concentration is plotted for the isoalloxa
zine ring protons in Fig. 7.

Since the broadening produced by the

Gd(III) is a through-space effect dependent upon distance (r ^ ) , this

3b

50

100

150

Ms fol ] /j" L i g o n ^ ] x
Figure 7.

Line width broadening of the isolloxazine proton
resonances as a function of increasing Gd(fod)^
to ligand ratios.
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7-CH

Figure 8.

The 100 MHz spectrum of the 1.50 to 2.75 6 region of 3-Me-RTA
at 100 sweep width and the resulting spectra obtained upon
incremental additions of Gd(fod)g solution.
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Figure 9

l

150

200

i g a n d ] x SO

Line width broadening of the side chain acetate
methyl resonances plotted as a function of in
creasing GdCfod)^ to ligand mole ratios.
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broadening sequence (Fig. 7) clearly shows that the distance of the pro
tons from the gadolinium fall in the order: H-6<<N-3-CH,j<C-7-CH2<<H-9
<0-8-0^.

The H-6 peak is so severely broadened that after a Gd:flavin

ratio of 0.03:1 it became totally unobservable.
The above broadening sequence is just that expected from placing
the gadolinium between the N(5) and 0(4) at the primary binding site of
the isoalloxazine ring as pictured on page 27 for the europium ion.
Of much greater importance, however, is the broadening sequence
for the side chain acetate methyl protons shown in Fig. 8 and plotted in
Fig. 9 as a function of increasing GdCfod)^ concentration.

This broad

ening sequence (Fig. 9) indicates that the distances of the acetate
methyl groups from the gadolinium fall in the order:
<5'- O C O C H ^ 2'-OCOCH^.

A'-OCOCH^S'-OCOCH^

Although the sequence could only be followed out
_o

to a metal/flavin ratio of roughly 10

, it is clear that the A'-OCOCH^

must be closer to the Gd ion than the other three side chain acetate
groups as was also indicated by the europium shift data.
Thus, the evidence presented by both the europium data and the
gadolinium data is in support of the attachment of the flavin to the
metals via two sites, the N(5) and 0(4), plus the possible interaction
of the metals with a third site on the flavin, namely the A'-OCOCH^
group on the side chain.

E. The Flavin and MoCl.
4
The methine and methylene proton resonances, as in the previous
section, were too weak and too poorly resolved at 100 MHz to be of any
use.

However, the addition of incremental amounts of MoCl^ to chloroform-

jd solutions of

3-Me-RTA produced the results shown in Fig. 10.

The
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more pronounced effect is a broadening, but there is also a very slight
shifting of the signals.

This is more evident in Fig. 11 where the

broadening and slight shifting is shown for the several acetyl protons
and the C-7 and C-8-methyl protons.
The broadening sequence in the isoalloxazine protons for the
MoCl^-3-Me-RTA

interaction

is (Fig. 12):

H-9MI-6>C-8-CH3>N-3CH3>C-7-CH3 ,

This sequence for the paramagnetic Mo(IV) species supports the binding
of the molybdenum atom by at least the primary binding site, 0(4) and
N(5).

It is a sequence expected if a contact interaction is superim

posed upon the pseudocontact interaction.

Thus, the difference between

this sequence and that for the gadolinium case (vide supra) where only
pseudocontact interactions are operative can be explained on the basis
of expected increasing contributions from the contact interactions.

For

example, the relative positions of C-7-CH3 and C-8-CH3 in the Mo sequence
compared to their positions in the Gd sequence bear out the increased
importance of electron delocalization (i.e., Fermi contact interaction)
in the Mo complex.

The C-7-CH3 is spatially closer to a metal atom com-

plexed at N(5) and 0(4), but the electron spin density at position 7 is
near 0.0 whereas it is near 0.15 at position 8.
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In addition to the molybdenum atom being bound at the primary bind
ing site of the isoalloxazine system, it appears that it is further bound
by the acetate oxygen of the 4'-0C0CH3 .

Thus, both the broadening se

quence (from Fig. 10) and the shifting sequence (which can be deduced
from Fig. 11) show that the greatest effect is on the methyl proton of
0-4*’-0C0CH3 .

This is in agreement with analogous results for both Gd

and Eu compounds.
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Line width broadening of the side chain acetate
methyl resonances plotted as a function of in
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Figure 11.

200

1.75

The 100 MHz spectrum of the 1.50 to 2.75 <$ region of
3-Me-RTA at 100 sweep width and the resulting spectra
obtained upon the incremental addition of MoCl^ solution.

kl

Figure 12.

Line width broadening of the isoalloxazine
proton resonances plotted as a function of
increasing MoCl^ to ligand mole ratios.
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On the basis of the foregoing results and their interpretation,
it is tentatively suggested that the molybdenum ion in certain biolog
ical systems may be bound to flavin molecules through the agency of
at least two binding sites and very likely through a third binding
site which is present on the folded ribityl side chain.

For the tetra-

acetylriboflavin derivative studied here, that binding site is the

C - b 1-OCOCH3 group.

F. Additional Comments

After the nmr data had been obtained on the M 0 CI 4 - 3~Me-RTA
adduct, it was found from esr studies of the "reagent" M 0 CI 4 solution,
prepared by dissolving the M 0 CI4 in a 9 9 :1 CDClg-ethanol (volume/
volume) mixture, that a small quantity of a paramagnetic Mo(V) species
was also present in the solution along with the dissolved M 0 CI4 .
Furthermore, esr measurements on the original powdered sample of
M 0 CI4 (obtained fron Climax Molybdenum Co.) revealed that a similar
paramagnetic Mo(V) species was also present as a contaminate in the
powdered M 0 CI4 .

Efforts to wash out this Mo(V) contaminate from the

powdered M 0 CI4 with dry, deoxygenated benzene appeared to be only
partially successful. A very small amount of the Mo(V) impurity re
mained with the powder regardless of the number of washings with
benzene.

However, when this relatively Mo(V)-free M 0 CI4 was dissolved

in the mixed solvent system (99

CDCl3 ~ethanol), an esr signal

similar in magnitude to that observed for the unwashed material was
observed for the solution of the washed material.

Thus, form these

observations it can be concluded that the presence of the paramagnetic
Mo(V) species in the Mo(lV) solutions cannot be blamed solely on the
Mo(V) contaminate in the original M0CI4 sample but must also be blamed
on the oxidation of the Mo(lV) to Mo(V) by the trace quantities of
water that are present in the ethanol.
In any case since it was thought impossible to prevent the
formation of Mo(V) whenever the M 0 CI 4 was put into solution in the
mixed solvent system and since the observed nmr resonance broadenings
in the spectra of 3 -Me-RTA might be due to the impurity levels of
Mo(V), the bisbutyronitrile complex, MoCl 4 *2 CH3 CH 2 CH2 CN, was prepared
in order to reexamine the Mo(lV) nmr studies of the M 0 CI 4 - 3 “Me-RTA
adduct.

This butyronitrile complex can be synthesized nearly Mo(V)-

free and will dissolve in CDC13 without the necessity of ethanol
being added (which as discussed above may be the cause of the formation
of the Mo(V)) and without any increase in the Mo(V) impurity level.
The latter was verified by means of esr measurements.
Although the solubility of M o C ^ ^ C H s C H ^ C H ^ C N in CDC13 was such
that it prevented the attainment of a 1 :1 metal/ligand ratio, the
results of the nmr study utilizing the butyronitrile complex in place
of the M 0 CI4 itself gave the same order of broadening and slight shift
ing effects on the spectra of 3~Me-RTA as did the M 0 CI4 .

Thus the

conclusion drawn is that it is the Mo(lV) and not the Mo(V) impurity
that is responsible for the proton broadenings of the ligand and that
the ligand is indeed attached to the Mo(lV).

This is further verified

in the experimental section where it was described that the M 0 CI 4 flavin complexes have been isolated and where they have been shown to

be themselves paramagnetic ( 2 unpaired electrons).

PART II
A STUDY OF THE COMPLEXES OF MOLYBDENUM (IV) WITH AROMATIC DITHIOACIDS

CHAPTER XV.

INTRODUCTION

A. General Introduction

Molybdenum is known to exist in a range of oxidation states from
-2 to + 6 , with extensive chemistry occurring within the states 0,2,3,
4,5, and 6 .

In its higher oxidation states (+3 to + 6 ) molybdenum has

properties typical of a class A (or hard acid) acceptor:

an affinity

for oxide and oxygen-donor ligands and for the lighter halides.

Never

theless, these higher valency states also have an appreciable affinity
for sulfur ligands, a property which is important in its biochemistry
and which is illustrated by its natural occurrence as a sulfide, M 0 S 2 ,
and its precipitation as a sulfide in qualitative analysis rather than
as an hydroxide or hydrated oxide.
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The affinity of the different oxidation states of molybdenum for
sulfur has been assessed in terms of the differences between the heats
of formation of the oxides and sulfides.

On this basis molybdenum(IV)

appears to have a slightly greater affinity for sulfide than does
83
molybdenum(VI).

This increasing affinity for sulfur donors in going

from Mo(VI) to Mo(IV) is in accordance with past observations on
molybdenum-sulfur complexes.
Considerable interest has been generated in recent years in the
sulfur-containing complexes of molybdenum(IV).

In large part this in

terest has been stimulated by increasing arguments that molybdenum(IV)sulfur sites play an important role in the function of molybdoenzymes.

k6

kj
In light of this, the preparation and study of Mo(IV)-sulfur complexes
could yield important and interesting information especially since
sulfur-containing ligands are known to have the ability to induce un
usual electronic effects at transition metal centers.^ ^

B. Survey of Molybdenum(IV) Sulfur Compounds
.
.
.
,
.
9,11,12,13,87-90 . i .
A number of comprehensive reviews
dealing with a
variety of chemical, structural, and biological aspects of molybdenum
have covered the literature on molybdenum chemistry through at least
1974.

It will be the purpose of this survey then to briefly summarize

some of the more pertinent information on molybdenum(IV)-sulfur chemis
try found in the most recent reviews and to provide a survey of the
literature on molybdenum(IV)-sulfur complexes that has become available
since 1974.

1. Molybdenum(IV) Compounds with Inorganic Sulfur Donors
a. Thiohalides
The literature on the thiohalides of molybdenum(IV) is sparce and
relatively recent.

In 1974, Britnell et al.
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prepared a black air-

sensitive solid of the composition M o S C ^ by the thermal decomposition
of the Mo(V) species MoSCl^ and by the reaction of MoCl^ with Sb2 S^ at
elevated temperatures.

The infrared spectrum of M o S C ^ has no bands

above 400 cm ^ thus indicating the absence of a terminal Mo=S bond.

The

sulfide probably has a highly polymeric structure like that of M o O C ^
although its X-ray powder pattern indicates that it is not isomorphous
with the oxo-halide.

As yet, no adducts have been obtained by the
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direct reaction of MoSCl^ with donor ligands.

However, red crystals

of the stoichiometry M o S C ^ ’phen have been isolated from the reaction
of the Mo(V) species, MoSCl^*2CH^CN with phenanthroline (phen) in
at room temperature.
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Infrared studies indicated the presence

of both terminal and bridging Mo-Cl bonds as well as a terminal Mo=S
bond ( Mo=S, 460 cm ^) in this compound.
A brown diamagnetic species of the formula M 0 S2 CI 2 has been ob91
in CS 2 .

tained by the reaction of MoCl^ with

Although its struc

ture has not been determined, it was believed to be directly analogous
2
to NbS 2 Cl 2 and therefore to contain S 2

-

units.

A compound with the

same molecular formula as M 0 S 2 CI 2 has previously been obtained from
the reaction of MoOCl^ with ^ S ;

however, it was considered to be more

closely related to WS 2 CI 2 than to

and thus to contain Mo (VI).
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b . Cyclopentadienyl complexes
Two unusual compounds of the general formula (RC^H^)2Mo 2 S^ (R = H,
CH^) have recently been synthesized in aqueous solution by the reaction
94
of sodium tetrathiomolybdate with ( R C ^ H ^ ^ M o C ^ .
sis by Prout and co-workers
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revealed that these complexes are dimeric

species which contain both Mo(IV) and Mo(VI).

2+

(RC5H 4 )2Mo

moiety and a MoS 2

A structural analy-

2+

The two parts, a

moiety, are linked together by bridging

sulfur atoms such that the Mo and S atoms form a planar four-membered
ring.

The Mo-S terminal bond distance of 2.141 A 0 in the M 0 S 2 moiety

suggests multiple bond character with an estimated bond order of 1.5.
A second unusual grouping has been found for the diamagnetic ion
(Ci-H^MOgS^*, crystallized as the Sn(CH 3 )3 Cl 2
of HMo(CO) (C^H^) with [ S ^ C H ^ ^ ^ S

salt from the reaction

in 1,2-dimethoxyethane.^

The cation

k9
consists of a triangular arrangement of Ho(C^H^) moieties linked to each
other by a triply bridging sulfur atom situated above the center of the
triangle, by three doubly bridging sulfurs below the triangle, and by
direct molybdenum-molybdenum interactions.

c. Other compounds
A recent report
cluster compound,
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describes the preparation of a new diamagnetic

(NH4 )2 [Mo3 (S2 ) g S ] w h i c h

in three different states of bonding.

contains sulfur atoms

The salt was synthesized in

aqueous solution from the reaction of MoCl^’C p y ^

(py = pyridine) and

ammonium polysulfide and has been characterized by both elemental and
thermal analyses, as well as by ESCA, infrared, and Raman spectra.

The

2-

anion,

(Mo^S^)

» consists of a triangular Mo^ cluster containing both

terminal and bridging disulfide groups as well as a triply bridging
sulfur atom above the Mo^ triangle.

The molybdenum atoms in this par

ticular cluster have a coordination number of nine.

2. Complexes of Molybdenum(IV) with Organic Thioligands

The bis-cyclopentadienyl complexes of the type (C^H^)2^ 0X 2 , where
X 2 = (SH)2 , (SR)2 , and S4 , and ( C ^ ) 2MoXL+ , where XL = Br(SMe2),
S(NH 2 )C 6H4 , SCH 2 CH 2NH2 , SCH2 CH 2 SMe, S 2 C 6H 3 CH3 , cysteine, glycine, and
other amino acids, comprise the majority of the Mo(IV) thioligand com
plexes studied to date.

These complexes have been extensively studied

both structurally and chemically by Prout, Green and o t h ers.^
and co-workers'*-^

Dias

have shown that the complexes ( C ^ H ^ ^ M o ^ R ^ can

act as bidentate ligands by chelating to a second metal through the two
thiolate sulfurs. Recent crystal studies

109-111

revealed that the
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M o C S R ^ F e linkage in ( C ^ H ^ ^ M o G i - S R ^ F e C ^ is similar to the bent
di-y-sulfido bridges in Mo(V) complexes, while the Ni

2+

(C5H 5 ) 2M 0 (y-SMe) 2

2+

ion in

was s^own t 0 be in a square planar arrangement.

The first complexes in which molybdenum is coordinated to a macrocyclic ligand were recently prepared by Cragel et al.
of the Mo(II) compound,
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by the reaction

[M02 ( C F ^ ( ^ O ) ^ ] (CF^SO^)^s with the cyclic

polythiaether, 1,5,9,13-tetrathiacyclohexadecane (16-ane[S^]).

The two

diamagnetic Mo(IV) species, monomeric [MoO(SH)(16-ane[S^]) ] (CF^SO^) and
dimeric [Mo2 0 2 (16 -ane[S^]

(CF^SO^), were among the several pro

ducts isolated from the reaction mixture.

The latter complex is held

together solely by a relatively long (2.14 A 0) and presumably weak,
single oxo bridge.

In addition to X-ray and magnetic susceptibility

measurements, the complexes were also characterized by optical, infrared, and

13

C nmr spectra and by cyclic voltametry.

3. Complexes of Molybdenum(IV) with Organic Dithioligands

Since this part of the dissertation is primarily concerned with
the preparation and study of molybdenum dithioacid complexes, the com
pounds of this type will be discussed in greater detail than those in
the previous sections.

Only those complexes that contain one or more

of the following dithioligands will be considered:

dialkyIdithiocarba-

mates (R2 NCS 2 ), diallcyldithiophosphates (R2 PCS 2 ), xanthates (ROCS2 ),
thioxantnates (RSCS2 ), and dithioaliphatic (RCS2 ) and dithioaromatic
(ArCS2 ) acids.

For convenience, the complexes will be discussed ac

cording to coordination number rather than according to the type of co
ordinated ligand.
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a. Five-coordinate complexes
Several complexes of the type MoOL^ (L = (Et0 )2PS 2 , (PhO)2?S 2 ,
113
Me 2NCS 2 , or Et 2NCS 2 ) have been prepared by Mitchell and co-workers
by the reduction of the Mo(V) species Mo 203L^ with thiophenol or zinc
dust or by the dithionite reduction of aqueous solutions of sodium
molybdate and sodium dialkyIdithiocarbamate (or dialkyldithiophosphate) .
It is notable that dithionite affects the reduction of Mo to the +4
state when sulfur ligands are present especially since the same reductant has often been used to obtain the reduced state in the Mo enzymes,
where sulfur is thought to be ligated to molybdenum.

Barral et al.

114

recently reported a simpler route to the Mo 0 (R2NCS 2) 2 species which in
volves an oxygen-atom transfer reaction between triphenylphosphine and
a Mo(VI) dioxo complex as shown below.

Mo0 2 (R2NCS 2 ) 2 + PPh 3 -*■ MoO(R 2NCS 2) 2 + OPPh 3

(4)

McDonald et al.^^^ have shown that the more basic PPh2Et is an even
better reducing agent and is preferrable to PPh 3 in most cases.
The majority of these oxomolybdenum(IV) complexes have been re
ported as being diamagnetic, air-sensitive compounds.

Magnetic moments

as high as 0.6 to 0.9 B.M. have been observed, but these have been at
tributed to temperature-independent paramagnetism.

The nmr spectra

were also consistent with a diamagnetic spin-paired system.
red spectra of these oxo species have been studied in detail.

The infra
The

spectra are characterized by an intense Mo = 0 stretching vibration in
the range 930-1000 cm \

In general, the Mo = 0 stretching frequencies

of the dithiophosphate complexes are 30 to 40 cm ^ higher than those of
the corresponding dithiocarbamate analogues.

113 116
*

52
A recent X-ray study of the complex M o O C P ^ l K ^ ^ by Weiss and coworkers

117

revealed that the molecule adopts a square pyramidal geometry

with C£v symmetry.

The molybdenum atom lies 0.83 A 0 above the basal

plane of the pyramid formed by the four sulfur atoms with the oxygen
atom occupying the summit.

The Mo-0 bond distance of 1.695 A 0 is

slightly shorter than that observed in either the Mo(VI) dioxo or Mo(V)
trioxo complexes of the same ligand.
Schneider and co-workers

118

in 1972 first demonstrated that these

five-coordinate complexes were coordinately unsaturated and were capable
of undergoing oxidative-addition reactions with compounds that contained
activated N=N, C=C, or C=C bonds, such as diethylazodicarboxylate,
tetracyanoethylene, and dimethylacetylenedicarboxylate.
and Scarle

119

Later, Mitchell

studied the reactions of MoO(Et 2NCS 2)2 with nitrogen and

oxygen containing compounds including some which are known substrates
for metalloenzymes.

Following almost directly from these results, in

vestigations were undertaken on the MoO(R.2 NCS 2)2 complexes, particular
the derivative with R =

t 0 assess the value of the complexes as

possible models for molybdoenzymes.
Table II summarizes the reactions undergone by these Mo(IV) oxo
complexes in recent years.

In certain instances, the reactions with

certain activated molecules appeared to be reasonably fast; however,
the reactions with real biological substrates tended to be very slow
or even non-existent under the experimental conditions described.
instance, neither
for nitrogenase,

123

in anhydrous CHCl^.

N^, nor l^O,

For

115 119
*
all of which are substrates

would bind to MoO(Et 2NCS 2 ) 2 or would react with it
Wentworth and Maata,

122

however, recently reported
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TABLE II

REACTIONS OF OXOMOLYBDENUM(IV)
DITHIOCARBAMATES

Ref,

Reactants

Products

moo(r 2ncs2) + ro2cn = nco2r

1 : 1 adduct

118

+ Me02CC = CC02Me

1 : 1 adduct

118

+ (CN)„C = C(CN),

1 : 1 adduct

118

pyridine + Mo 0 2 (dtc) 2

119

t-BuONO + Mo0 2 (dtc) 2

119

(R = Me,Et)

(R = Me,Et)

MoO(dtc ) 2 + C 5 H 5N 0
(dtc = Et 2NCS2)
+ t-BuONO,.
+ M e 2SO

Me2S + Mo02(dtc)2

119

+ 0.

0 2" + Mo 0 2 (dtc) 2

119

+ Ph3PO

No reaction

115

+

No reaction

115

+ PhNO:NPh

azobenzene + Mo 20 3 (dtc) 4

119

+ [Et4N][N03]

[Et4N][N02] + Mo0 2 (dtc) 2

119

No reaction

119

Mo 2OS 2 (bzH)2 (dtc) 2

119

n 2o

Mo0 2 (dtc) 2 + HCONMe 3
(dtc) = Et 2NCS2)

+ Ph?NHNH,
(benzoylhydrazine = bzH)

3b

TABLE II (Continued)

"

+ PPh3

Mo 2 (dtc)^ + Mo 20 3 (dtc) 3

119

"

+ SPPh 3

Mo 2 (dtc)^ + Mo 20 3 (dtc) 3

119

+ n2

No

reaction

119

+ CO

No

reaction

119

"

+ NO

No

reaction

119

"

+ CHC1 3

No

reaction

119

"

+ HC = CH

1 : 1 adduct not isolated.

120

Reaction reversible
m o o ( r 2cs2 )2 + x 2

(R = Me N,
Et 2N,

(X = Cl, Br)

1 -piperidino)

M o X2 (R2CS2)2 + H20

121
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that a reaction between azide (N^) and MoO(Et 2NCS 2 )2 was observed when
the tetrapropylammonium salt, Pr^NN^, was partitioned between water and
a CE^Cl^ solution containing MoO(Et 2NCS 2 ) 2 *

T^e production of NH^ after

the mixture was acidified was attributed to the following reaction se
quence :

MoO(Et 2NCS 2 ) 2 + HN 3

MoO(NH) (Et2NGS 2 ) 2 + ^

MoO(NH) (Et2NCS 2) 2 + ^ 0

Mo0 2 (Et2NCS)

The same authors also reported that acetylene, a known

120

nitrogenase, would bind with MoO(Et 2NCS 2 )2 *

(5)
(6 )

+ NH*
124

substrate of

Although no adduct could

be isolated, evidence for its formation was provided by infrared,

uv-

visible, and nmr spectral interpretations.

b. Six-coordinate complexes
With the exception of the tris(dithiolene) complexes of the type
9—

Mo(S 2 C 2R 2)3

19 S— 19ft

CR 3 > cn) »

(r =

relatively few six-coordinate

dithioacid complexes of molybdenum(IV) have been prepared (since 1974).
Cyclopentadiene dithiocarboxylate (CPDT) has been shown to form a sixcoordinate complex with Mo(IV),

[Et^N]2 [ M o ( C P D T ) b e i n g obtained by

the reaction of the sodium dithiocarboxylate with MoCl^ and Et^NBr in
acetonitrile.

129

A mixed species,

[Bu^N]2 [Mo(MNT)2 (Et2NCS2] , has re

cently been prepared by the oxidative-decarbonylation of [Bu^N][Mo(C0)3]
with the ammonium salts of malonitriledithiolate (MNT) and diethyldithiocarbamate.

130

Characterizing data on these complexes include

X-ray structural determinations, infrared and optical spectra, and con
ductivity and magnatic susceptibility measurements.

Non-ionic, hexacoordinate dithioacid complexes of Mo(IV) have also
been reported.

Newton, Bravaed, and McDonald reported the preparation

of M 0 X 2 (Et2NCS 2 ) 2 by the reaction of MoO(Et 2NCS 2)2 with gaseous HC1 and
HBr in dichloromethane.

121

MoO(Et 2NCS 2 ) 2 + HX -»■ MoX 2 (Et2NCS 2 )2 + *^0

(7)

The authors, however, reported neither characterizing data nor chemical
properties for these complexes.
An unusual Mo (IV) sulfur donor complex of the composition
M 0 2 (Pr2^ 82)2 was produced from the reaction of molybdenum(II) acetate
and N,N-di-n-propyldithiocarbamate in ethanol.
analysis by Weiss and co-workers

132

131

A crystal structure

revealed that the molecule was not

the simple dithiocarbamate as indicated by elemental analysis.

In two

of the four dithiocarbamate ligands, a C-S bond had been broken with
the liberated sulfur atom forming a bridge between the two molybdenum
atoms.

The remainder of the ligand, a thiocarboxamido group, was bonded

to the molybdenum through C and S in roughly a pi (side on) fashion.
The other two ligands were bonded to the molybdenum in the normal manner.
A second unusual molecular grouping was found by Zublieta et al.

133

in the Mo(IV) thioxanthate complex, Mo0(i-Pr2SCS2)2 5 PreParec^ by the
disproportionatlon of M o 20 3 (i-Pr2 SCS 2 ) 4 on silica gel according to the
equilibrium:

Mo203(i-Pr2SCS2)4

t MoO^i-Pr^CS^

+ Mo02 (i-Pr2SCS2)2

The molecule, MoO(i-Pr 2 SCS2)2> exists as a pseudo-square-pyramidal
monomer and contains two chemically distinct types of thioxanthate

(8)
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ligands:

the usual terminal bidentate coordination through the sulfur

donor atoms with the Mo atom in the SCS2 plane and an unusual nonclassical coordination type in which the chelate ring is distinctly nonplanar
with the ring carbon clearly within bonding distance of the Mo atom.
This latter type of bonding is similar to a

ir-allyl-metal interaction.

133

c. Seven-coordinate complexes
Only one excmple of a heptacoordinate Mo (IV) dithioacid species
The Mo(V) compound, Mo(NNCOPh)(Et 2NCS2)3 , reacts

has been reported.

with HC1 with the liberation of N 2 and the concurrent formation of
134
chlorotris(diethyldithioccabamato)molybdenum(IV), MoCl(Et 2NCS 2 )g•

Mo 0 2 (Et2NCS 2 )2 HNNS°Ph Mo(NNCOPh)(Et 2NCS 2) 3 ^
Et 2NCS 2

MoCl(Et 2NCS 2 ) 3

(9)

No data were reported on this complex since its primary value was as a
starting material to. be used in the preparation of other pentagonal bipyramidal complexes.

For example, MoCl(Et 2NCS 2) 3 reacts with NaN02 ,

MeOH, and NaBF^ to form Mo (NO)(Et2NCS2)3+ , MoO(Et 2NCS2)3+ , and
+
134-136
Mo(Et 2NCS 2) 3 , respectively.

d. Eight-coordinate complexes
The eight-coordinate species, Mo(R 2NCS2)^ (R = Me, Et, _i-Pr, (CH2)^,
(CH2)3 , Ph), have been obtained by the oxidative-decarbonylation of
Mo (CO), with tetraalkyl(aryl)thiuram disulfides
6

137—139

and by the reac-

tion of CS 2 with the dialkylamino complexes Mo(NR2)^ via CS 2 insertion.

Mo (CO) 6 + (R2NCS 2 ) 2 + Mo(S 2 CNR 2) 4 + 6C0

Mo(NR 2) 4 + 4CS 2

Mo(S 2CNR 2 ) 4

(10)

(11)

140
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Several studies

141-146

on the tetrakisdialkyl(aryl)carbamate com

plexes have been published.
electrochemical activity.

The complexes show chemical as well as
The reactions with CHCl^,

duced the air stable Mo(V) species, M o ( R ^ i K ^ ^ X .

and

pro

Voltametric measure

ments in C I ^ C ^ with a rotating platinum electrode vs. a saturated
calomel electrode led to the following electron transfer scheme (E^
values are for R = Et) :

mo(r 2ncs2)41"

_1 ,F v mo(r2ncs ),° "°-Jov mo(r 2ncs2),1+
irrev.
rev.
+ 1 ,i 6V Mo(R„NCS„)4+
irrev.

An X-ray structure of Mo(Et 2NCS 2 ) 4

147

(12)

has shown that the Mo ion is

coordinated to eight sulfur atoms, in agreement with the infrared spec
tra and conductivity data.

The molecule possesses

symmetry, with

the pseudo-4 axis coinciding with the crystallographic 2 -fold axis.
The coordination polyhedron was described as triangular dodecahedral.
Eight-coordinate complexes of Mo (IV) with aromatic dithioligands
have recently been obtained. Piovesana and Sestili
of the Mo(III) starting material,

148

reported the use

(Bu^lO^MoClg, to produce Mo(C^H^CS 2 )4>

Mo(£ -CH 3 0-C 6H 4 CS2)4S and Mo(C 6 H 5 CH 2 CS 2 ) 4 by the reaction with the
corresponding dithiocarboxylic acids or their sodium salts.
and Steggeida,

139

Nieuwpoort

on the other hand, synthesized the p_-tolyl and

2-naphthyl derivatives by the oxidative-decarbonylation reaction between
Mo (CO), and the appropriate disulfide.
6

The crystal structure of the

first complex, Mo(CgH^CS 2 )4> revealed the Mo to be dodecahedrally coordinated in a D 2 J structure.

149

One noteworthy aspect of this structure

59
is the relatively short phenyl-CS 2 bond distance of 1.469 A 0, which is
indicative of double bond character and which is consistent with ligand
planarity.

All of the geometrical features of the dithioligand were

indicative of a high degree of conjugation over the entire complexed
molecules.

Unlike the dithiocarbamate complexes, the dithiocarboxylates

are air stable species which react with neither CHCl^ nor
presence of Br2> however, they decompose to yellow oils.

In the

139

Their elec-

trochemical behavior is described by the follox^ing sequence:

M o (C6H 5CS2)^1

+ *£0V M o (C6H5CS2)4
irrev.

139

-*!9V M o (C6H 5CS2)“2
irrev.

(13)

The magnetic moments of the tetrakis complexes have been in some
doubt.

The reported magnetic moments of the dithiocarbamato complexes

jr
oiiTJTui 137,138,143,145,146
ranged from 0.65 to 2.11 B.M.

„.
, c
.
Pxovesana and Sestili

reported moments as high as 0.60 B.M. for the dithiocarboxylates, but
observed a decreasing intensity upon repeated recrystallization which
implied the presence of paramagnetic impurities.

148

A recent study by

Nieuwpoort and Steggeida on the electronic spectra and magnetic sus
ceptibilities of a number of such complexes has shown that in contrast
to the literature data, the complexes are diamagnetic.

146

The high

values previously reported for the dithiocarbamates were suggested to
have stemmed from the presence of paramagnetic species formed by air
oxidation of the complexes.
The first tetrakis(dithioaliphatic) and tetrakis(thioxanthate)
complexes of Mo(IV) have recently been reported.

The crystal structure

of tetrakis(dithioacetato)molybdenum(IV) was reported in a brief com
munication by Dessy, Fares, and S c a r a m u z z a . T h e complex exists as
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descrete MoCCH^CS^)^ molecules in the solid state.

The MoSg coordina

tion polyhedron was described as a triangular dodecahedron, significantly
distorted toward a square antiprism.

Thioxanthate complexes of Mo(IV)

of the type Mo(RSCSS)^ (R = Et, i-Pr, and Bu) were prepared by the re
action of aqueous solutions of Mo(V) with sodium thioxanthate salts
under anaerobic conditions.

151

The synthesis of these diamagnetic Mo(IV)

complexes from Mo(V) solutions indicates the reducing nature of the
ligand and the stabilization of the +4 oxidation state, as in the case
of Mo(CgH^CS 2 )^.

The infrared, NMR, and electronic spectra of these

complexes were reported and were compared with the dithiocarbamate and
dithiocarboxylate analogs.

C. Scope of the Present Research

The current research was initiated as a result of the report by
Piovesana and Sestili of the preparation of the first dithiocarboxylate
complexes of molybdenum of the type Mo(RCSS)^ (R=
and CgHj-CI^) .

.R-CHgO-CgH^,

The X-ray structural analysis of MoCCgH^CS^)^, which

suggested extensive conjugation throughout the whole ligand molecules,
provided the motivation for a study of a series of such aromatic dithioacid complexes in which substituents on the aromatic ring were varied.
It was anticipated that the dithioacid ligands would be capable of in
ducing unusual electronic effects at the molybdenum center especially
if there was a sufficient driving force in the form of a strong electron
donating or electron withdrawing potential within the ligand molecule.
Since this should involve delocalization of electron density from the
aromatic system of the dithioligands into the molybdenum system or vice

61
versa and since

13
“C chemical shifts appear to mirror total carbon atom

electron densities in restricted series of compounds such as substituted
benzenes, a
taken.

The

13
13

C nmr study of a series of Mo(ArCSS)^ complexes was underC nmr spectra of nine Mo(ArCSS)^ complexes were obtained

and were compared with the spectra of the corresponding dithioacids and
their tetraaIky1ammonium salts.
A new method was developed for the preparation of the tetrakisdithiobenzoato complexes which xras much simpler, more general, and more de
pendable and which afforded higher yields than either of the previous
methods'*^5

which required the oxidation of Mo (III) or Mo(0) to Mo (IV).

This new preparative route involves the direct reaction of a Mo(IV) com
plex, MoCl^’2BuN (BuN = CH^Cl^Cl^CN), with the free dithioacids in an
inert solvent.

M o C14 ’2Bu N + 4ArCS2H -»■ Mo(ArCS2)4 + 4HC1 + 2BuN

A total of

(14)

fifteen molybdenum complexes were prepared by this

method, twelve of which are new and five of which contain new dithioacid ligands prepared for the first time in this study.

The dithioacid

ligands include dithiobenzoic acid, jv-methyldithiobenzoic acid, o_methyldithiobenzoic acid, j>-methoxydithiobenzoic acid, £-chlorodithiobenzoic acid, £-fluorodithiobenzoic acid, £-phenyldithiobenzoic acid, £acetyldithiobenzoic acid, £-benzoyldithiobenzoic acid, £-N, Ndibutylaminodithiobenzoic
and 1-dithionaphthoic acid.

acid, 2,4,6,-trimethyldithiobenzoic acid,
In addition, all of the acids were con

verted into tetraalkylammonium salts, eleven of which are also new com
pounds.

Unlike the free acids, these salts were foudd to be extremely
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stable toward air oxidation.
During the course of the preparation of the molybdenum complexes,
attempts were made to prepare some analogous complexes with both titanium(IV) and tin(IV).
respective d^ and d ^

It was anticipated that complexes of these

systems would prove useful in elaborating the

study of the series of d

2

Mo(IV) dithiobenzoato complexes.

Unfortun

ately, neither the titanium nor the tin compleses turned out to be
stoichiometrically analogous to the Mo(IV) complexes.
With titanium, the product of the reaction of dithiobenzoic acid
(dtbH) and £-methoxydithiobenzoic acid (mdtbH) with either TiCl^ or
TiCl^’ZCH^CH^CN turned out to be the seven-coordinated complexes
T itdtb^Cl and Ti(mdtb).jCl.

Efforts to force an additional dithio-

ligand to replace the chlorides, such as adding excess ligand, heating
the reaction mixture for longer periods of time, using higher boiling
solvents, or treating the chloro complexes with the sodium salt of the
ligand, failed to yield the tetrakis complexes.

In the case of the

tin, the product of the reaction between either SnCl^ or SnCl^*ZCH^CH^CN
and dtbH was SnCdtb^Cl^ and, likewise, efforts to force additional
ligands to replace the chlorides failed.
It was found that exposure of solutions of the titanium chloro
complexes to humid air produced a reaction in which HC1 was liberated.
From these solutions pure compounds could be isolated which proved to
be devoid of chlorine and to contain oxo bridges.

The complexes were

formulated as the seven-coordinated species (dtb^Ti-O-Ti^tb)^ and
(mdtbJgTi-O-Tifadtb)^*

This formulation was based upon chemical analy

sis and upon infrared spectral interpretations.

These complexes are

the first seven-coordinated oxo-bridged titanium(IV) species to contain
sulfur-donor ligands.
All of the complexes were thoroughly characterized using chemical
analyses, thermal analyses, and spectral studies.

CHAPTER V.

EXPERIMENTAL PROCEDURES

A. Technique

In addition to the techniques described below, all of the experi
mental techniques described in Part I, Chapter II were used in this
portion of the work.
All manipulations involved in the Grignard preparations were con
ducted under a dry nitrogen atomosphere.

The nitrogen was dried by

passage first through a column of Drierite followed by passage through
a column of 4A molecular sieves.
In the syntheses of the dithioacid complexes, the dithioacid solu
tions and metal tetrahalide solutions were prepared and mixed in a dry
box under dry oxygen-free nitrogen.

The resulting reaction mixtures

were then refluxed outside of the dry box under nitrogen that had been
treated as described above.

B. Materials
Materials not specifically mentioned below were either reagent
grade and were not purified further or were treated as described in
Part I, Chapter II.

1. Solvents
Ethyl ether (anhydrous), acetone, tetrahydrofuran (THF), benzene,
chloroform, methanol, and ethanol (absolute) were reagent quality sol
vents and were used without further purification.

These solvents were

used for the recrystallization of both the molybdenum complexes and the
dithioacid salts.

6k
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Benzene, to be used in the preparation of the dithioacid complexes,
was purified as described in Part I, Chapter II.
Ethyl ether, used in the dithioacid synthesis, was technical grade.
Tetrahydrofuran (THF), to be used in the Grignard preparations,
was purified by the following procedure.

Reagent grade THF was refluxed

over C a ^ for 48 hrs. before being distilled into a flask containing
sodium metal.

Benzophenone (5 g) was added and the mixture refluxed

until the blue color of the ketyl persisted.
distilled from this ketyl whenever needed.

Dry, oxygen-free THF was
All of the above distilla

tions and manipulations were conducted under a dry nitrogen atmosphere.
Carbon disulfide, petroleum ether (b.p. 30-60°C), and dichloromethane (all reagent grade materials) were dried by distillation under
nitrogen from phosphorous pentoxide.

They were stored in the dry box

immediately after distillation.

2.

Special NMR and UV-Visible Solvents

Chloroform-d and dichloromethane were treated as described in
Part I, Chapter II.
Ethanol (absolute) and chloroform (spectrograde) were used as re
ceived from commercial sources.

3. Reagents and Starting Materials
Bromobenzene, jv-bromotoluene, l-bromo-4-fluorobenzene, bromomesitylene, c^-bromotoluene, and 1-bromonaphthalene (all reagent grade materi
als) were distilled under nitrogen at atmospheric or reduced pressure
(depending upon the boiling points) and were then stored over 4A molec
ular sieves.
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4-Bromobiphenyl and l-bromo-4-chlorobenzene were used as received
from K & K Laboratories and Matheson, Coleman and Bell.
]D-Bromoanisole was prepared by the dropwise addition of a stoichi
ometric amount of bromine to 50 ml of anisole in 50 ml of CS^ at 0°C.
The CS 2 was removed and the £-bromoanisole collected by vacuum distilla
tion (b.p. 40-42°C @ 1.0 mm Hg) from Cal^.

It was then stored over 4A

molecular sieves.
jj-Bromobenzaldehyde and jj-bromoacetophenone were prepared as de
scribed by Vogel.
]D-Bromobenzophenone was prepared in 33% yield by the procedure
outlined by Vogel for the preparation of benzophenone.

152

The nmr spec

trum of the fraction boiling between 124-126°C at 0.05 mm Hg was iden
tical to the Sadtler nmr spectrum of ]>-bromobenzophenone.
The ethylene acetal of js-bromobenzaldehyde (b.p. 85°C @ 0.15 mm Hg)
and the ethylene ketals of j>-bromoacetophenone(b.p.
and £-bromobenzophenone (b.p. 137-139°C @ 1.0 mm
standard procedure.

153

72°C @ 0.15 mm Hg)

Hg) were prepared by a

Because these crystalline derivatives were hy

groscopic, they were stored in a vacuum desiccator over

until

needed.
N,N-dibutylaniline was prepared by a published procedure.
j)-Bromo-N,N-dimethylaniline (b.p. 85-86°C
and _g_-bromo-N,N-dibutylaniline (b.p. 104-105°C
pared by the method of Kosolapof f

154

@1.0 mm Hg; m.p. 55°C)
@ 1.5 mm Hg) were pre

The dimethyl derivative was

stored in a vacuum desiccator over P4°10‘

The dibutyl derivative was

stored under nitrogen over 4A molecular sieves.
Tetraethylammonium chloride (Aldrich) and tetrapropylammonium
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bromide (Eastman) were dried for two days under vacuum (<1 mm) over
at room temperature.
Titanium tetrachloride (Matheson, Coleman, and Bell) and stannic
chloride (Eastman) were used as received.
Propionitrile (Aldrich) was purified as described in Part I,
Chapter II for the purification of butyronitrile.
Tetrachlorobis(butyronitrile)molybdenum(IV) was prepared as de
scribed in Part I, Chapter II.
Tetrachlorobis(propionitrile)titanium(IV) and tetrachlorobis
(propionotrile)tin(IV) were prepared by a method similar to that of
Emeleus and Rao.^'*^
£-Bromo-N,N-diethylaniline (Eastman Organics) was vacuum distilled
from CaH^ (b.p. 104-105°C @ 1.0 mm Hg) and was then stored over 4A
molecular sieves.
The methyl esters of dithiobenzoic acid and jo-fluorodithiobenzoic
acid were prepared by the addition of a stoichiometric amount of CH^I
to ethanolic solutions of the sodium salts of the acids at room temper
ature.

After one hour, the solutions were filtered, the ethanol re

moved, and the esters purified by column chromatography on alumina with
C^C^

as the elutant.

The purity of the esters (both red-orange liq

uids) was checked by the use of ‘*’H nmr and infrared spectroscopy.
Magnesium turnings (for Grignard reactions) were dried at 150°C
for 24 hrs. prior to use.

C. Reactions and Preparations of Compounds

1. Preparation of the Dithioacids
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Both the new and the known dithioacids were prepared by the standard
Grignard procedure.

157-161

The addition of carbon disulfide to the ap

propriate Grignard reagent at 0°C in THF under a dry nitrogen atmosphere
produced high yields (70-80%) of the dithioacids.

Since these acids

were generally not very stable, particularly in the air, they were not
submitted for analysis.

However, as will be shown in the next section,

their corresponding tetraallcylammonium salts were prepared and analyzed
since they were found to be extremely stable toward air oxidation.

In

addition, nmr and infrared spectroscopy were used to check the purity
of the acids before use.

a.

Known dithioacids

(1) C-H-S-, Dithiobenzoic acid (dtbH)
/

O

Z

Under a dry nitrogen atmosphere, 0.5 ml of 1,2-dibromoethane and a
small crystal of iodine were added to a stirred suspension of 1.5 g
(61.7 mmol) of Mg turnings in 50 ml of dry THF in a 250 ml three necked
flask.

Ten milliliters of a solution of 6.45 g (5.12 ml, 41.1 mmol) of

bromobenzene in 60 ml of THF were added to the flask.

Once the reaction

initiated (iodine color faded), the remainder of the bromide solution
was added at a rate to maintain a moderate reflux.

After the bromide

addition was completed, the refluxing was maintained by external heating
for 30 minutes.

The flask was then immersed in an ice bath and the

stirring continued.

Dry CS 2 (5.0 ml, 82.8 mmol) was slowly added to

the ice-cold Grignard solution.

The resulting dark red solution was

allowed to sit at ice bath temperature for 15 minutes.

The ice bath

was removed and the solution allowed to sit at room temperature for 1
hour, before being decanted from the excess magnesium.

The THF was
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removed on a rotary evaporator, 80 ml of ethyl ether was added to the
residue, and the dithioacid liberated by the addition of 80 ml of icecold 6M HC1.

The contents of the flask were poured into a separatory

funnel and the dithio acid extracted into the ether layer.

The colored

ether layer (violet to purple-violet) was then extracted with 110 ml of
an ice-cold 0.4M sodium hydroxide solution.

(The extracted ether layer

at this point may be a light green or a dark, almost black, color.)
Dissolved ether was removed from the aqueous salt solution (at 40-50°C)
on a rotary evaporator and the solution filtered to remove any precipi
tate.

The aqueous salt solution was then acidified with ice-cold 6M

HC1, the liberated acid extracted with 100 ml of ethyl ether, and the
extraction with sodium hydroxide solution repeated.

The liberation of

the acid and the extraction with sodium hydroxide were repeated a third
time.

The acid was liberated once more and the ether layer dried over

anhydrous magnesium sulfate for two minutes.

The mixture was then fil

tered, the ether removed, and the acid dried for 3 hrs. under vacuum
(<1 mm) at room temperature.

The acid, a purplish-violet liquid, was

very sensitive to air oxidation and was very soluble in almost all
common organic solvents.

Yield:

82%.

(2) CgHgS^, £-Methoxydithiobenzoic acid (mdtbH)

(3) CgHgS 2 0 , pyMethyldithiobenzoic acid (p-dttH)

(4) C 11H_S0 , 1-Dithionaphthoic acid (dtnapH)
11 o L
These acids were prepared according to the procedure used for the
preparation of dithiobenzoic acid.

The appropriate Grignard reagents

were prepared from 7.67 g (5.20 ml, 41.1 mmol) of j>-bromoanisole, 7.34 g
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(5.06 ml, 41.1 mmol) of £-bromotoulene, and 8.52 g (5.72 ml, 41.1 mmol)
of 1 -bromonaphthalene, respectively.

jj-Methoxydithiobenzoic acid (a

red-orange crystalline solid), jD-methyldithiobenzoic acid (a crystalline
violet solid), and 1 -dithionaphthoic acid (a red-violet oil) were dried
in vacuo at room temperature for 6 hrs. prior to use.

Yields:

£-dttH,

79%; mdtbH, 82%; dtnapH, 75%.

(5) C 9H 1 ;LS 2N, £-N,N-Dimethylaminodithiobenzoic acid (madtbH)
This compound was prepared from 8.23 g (41.1 mmol) of jD-bromo-N,
N-dimethylaniline by the same procedure described for the preparation
of dithiobenzoic acid.

In the hydrolysis of the Grignard-CS 2 product,

the free acid separated out as an oily yellow solid.

The acid, however,

concentrated in the ether layer and could be extracted with sodium hy
droxide solution.

Also, in both the hydrolysis step and the subsequent

neutralization-extraction step, 1M HC1 was used instead of 6M HC1 in
order to avoid the formation of the amine hydrochloride.

(This hydro

chloride salt is soluble in the aqueous layer and forms violet solutions.
The dithioacid can be liberated from the hydrochloride salt by the ad
dition of just enough base to neutralize the excess HC1.)

In the final

neutralization-extraction step, the ether layer was filtered to collect
the free dithioacid which was then vacuum dried for 12 hrs. at room
temperature prior to use.

Yield:

75%.

(6 ) CgHgS2 , £-Methyldithiobenzoic acid (o-dttbH)

(7) c^oHl2S2 s 2,4,6 -Trimethyldithiobenzoic acid (dtmesH)
These acids were prepared from 7.03 g (4.95 ml, 41.1 mmol) of
jD-bromotoluene and 8.19 g (6130 ml, 41.1 mmol) of bromomesitylene,

respectively, according to the procedure for the preparation of dithiobenzoic acid.

The addition of CS 2 to the ice-cold Grignard solutions

produced dark yellow solutions instead of the usual dark red.

DtmesH

and £-dttH were isolated as light red and dark red-orange oils, respec
tively.

They were vacuum dried for 8 hrs. prior to use.

Yields:

o-dttH, 82%; dtmesH, 89%.

(8 ) C^H^S^Cl, £-Chlorodithiobenzoic acid (cdtbH)

(9) CyH^S^F, £-Fluorodithiobenzoic acid (fdtbH)
These compounds were prepared in 77% and 73% yields, respectively,
by the procedure used for the preparation of dithiobenzoic acid.

The

Grignard reagents were prepared from 7.88 g (41.1 mmol) of l-bromo-4chlorobenzene and 7.18 g (4.5 ml, 41.1 mmol) of l-bromo-4-fluorobenzene,
respectively.

Both acids were obtained as crystalline violet solids

which were vacuum dried for 6 hrs. at room temperature before use.

They

were extremely susceptible to air oxidation and were soluble in most of
the common organic solvents.

b. New dithioacids
(1) CaH,S 0, p-Formyldithiobenzoic acid (fordtbH)
o o 2.
Under a dry nitrogen atmosphere, a solution of 9.41 g (41.1 mmol)
of the ethylene acetal of £-bromobenzaldehyde and 2.18 g (1 .0 ml) of
1,2-dibromoethane in 60 ml of THF was added dropwise to a stirred sus
pension of 2.0 g (82.2 mmol) of Mg turnings in 50 ml of THF.
of iodine was added to help initiate the reaction.

A crystal

Once the reaction

initiated, the rate of addition of the acetal solution was adjusted so
that the THF never boiled.

(When the THF boiled, a considerable amount
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of white precipitate formed and low yields (0-10%) of the Grignard were
obtained.)

The yellow Grignard solution was stirred for one hour after

the last of the acetal solution had been added.

The solution was then

cooled to 0°C and 5 ml of carbon disulfide added dropwise with stirring.
The dark red solution sat in the ice bath three hours before being de
canted from the excess Mg.

The THF was removed, ethyl ether (80 ml)

added to the residue, and the acid liberated xtfith 80 ml of ice-cold 1M
HC1.

The colored (violet) ether layer was extracted with 80 ml of an

ice-cold 0.4M sodium carbonate solution.

The dissolved ether was re

moved from this aqueous salt solution on a rotary evaporator at 50°C.
The filtered salt solution was added dropwise with stirring to 100 ml
of a 0.3M zinc chloride solution.
immediately.

The yellow zinc salt precipitated

The slurry was cooled in an ice bath and the pH of the

mixture adjusted to one (pH paper) by the dropwise addition of ice-cold

6M HC1.

The mixture was then stirred overnight at room temperature.

The zinc salt was collected by filtration and stirred with 100 ml of
conc. HC1 for 2 to 3 minutes at 40°C.

The crude acid was collected by

filtration and added to 80 ml of a warm (50°C) 0.4M sodium carbonate
solution.

When no more acid appeared to be neutralized, the mixture

was filtered.

The filtrate was cooled in an ice bath and the dithioacid

liberated with ice-cold 6M HC1.

The liberated acid was collected by

filtration, washed with 50 ml of cold water, and dried under vacuum for

6 hrs. at room temperature.

The acid, a tan powder, was very slightly

soluble in almost all common organic solvents.

Yield:

60%.

(2) CgHgS 2 0 , p-Acetyldithiobenzoic acid (acdtbH)
Under a dry nitrogen atmosphere, 0.5 ml of 1,2-dibromoethane and a
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small crystal of iodine were added to 1.5 g (61.7 mmol) of Mg in 70 ml
of dry THF.

The mixture was then heated to a gentle reflux.

After

most of the iodine had reacted, a solution of 8.0 g (32.9 mmol) of the
ketal of j3-bromoacetophenone in 60 ml of THF was slowly added to the
stirred mixture.

(Although the THF refluxed, no precipitate formed as

did in the previous case with the acetal of jD-bromobenzaldehyde.)

After

the ketal addition was completed, the mixture (a light yellow to dark
brownish-yellow) was refluxed for an additional 30 minutes.

The flask

was then immersed in an ice bath and 50 ml (6.24 g, 82.0 mmol) of CS 2
were added dropwise to the stirred ice-cold Grignard solution.

The re

sulting dark red solution was allowed to sit in the ice bath for 20
minutes and then at room temperature for an additional 2 hours.

The

THF was removed, ethyl ether (80 ml) added to the residue, and the acid
liberated with 80 ml of ice-cold 1M HC1.

The Zn salt was prepared and

the ketal hydrolyzed by the same procedure used in the isolation of £formyldithiobenzoic acid.

The free keto acid, a brown solid, was dried

in vacuo for 6 hrs. prior to use.

The acid was very soluble in chloro

form, benzene and THF but somewhat less soluble in alcohols and saturated
hydrocarbons.

Yield:

64%.

(3) C^^H^ q S^O, £-Benzoyldithiobenzoic acid (bendtbH)
This compound was prepared by the same procedure outlined above
for the preparation of £-acetyldithiobenzoic acid.

The Grignard reagent

was prepared from 12.5 g (41.1 mmol) of the ethylene ketal of £bromobenzophenone.

PhdtbH, a green crystalline solid, was vacuum dried

for 6 hrs. before use.

Yield:

69%.

T^
(4) (-^3H^ o S2* JET^h^yldithiobenzoic acid. (phdtbH)
This compound was prepared by the procedure used for the prepara
tion of dithiobenzoic acid (dtbH).

The Grignard reagent was prepared

from 9.85 g (41.1 mmol) of £-bromobiphenyl.

PhdtbH was obtained as

shiny green crystals and were dried in vacuo for 4 hrs. prior to use.
Yield:

79%.

(5) C ^ H ^ S 2N, £-N,N-Diethylaminodithiobenzoic acid (eadtbH)
This acid was prepared from 9.38 g (41.1 mmol) of £-bromo-N,
N-dimethylaniline by the procedure used in the preparation of £-N,
N-dimethyldithiobenzoic acid.

The free acid, a golden-brown solid, was

very slightly soluble in ethyl ether and upon liberation collected
in the ether layer, as did the dimethyl analogue.

The acid was iso

lated as described for the dimethyl analogue and was vacuum dried for
12 hrs. at room temperature before use.

Yield:

71%.

(6 ) ^ 15 ^ 23 ^2 ^ ’ £-N,N-Dibutylaminodithiobenzoic acid (badtbH)
This compound was prepared from 11.69 g (41.1 mmol) of £-bromo-N,
N-dibutylaniline according to the procedure used for the preparation
of £-N,N-dimethylaminodithiobenzoic acid.

Unlike the dimethyl and di

ethyl analogues, however, the acid was completely soluble in the ether
layer.

After the extraction of the free acid from the ether layer with

aqueous base, the sodium salt (at times) oiled out of solution.

Water

was then added to the separatory funnel until the oil redissolved.
Otherwise, the isolation of the free acid proceeded normally.

The acid

was obtained on separate occasions as either a brown crystalline solid
or a viscous reddish-brown oil.

Both the solid and oil, however, gave
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identical nmr and infrared spectra.
vacuum.

The oil at times crystallized under

The acid was dried for 8 hrs. in vacuo at room temperature

prior to use.

Yield:

75%

(7) Attempts to prepare £-cyanodithiobenzoic acid
Several attempts were made to prepare £-cyanodithiobenzoic acid by
the reaction of j>-cyanobenzaldehyde xtfith ammonium polysulfide in ethanol
according to the procedure of Bost and Shealy
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for the preparation of

jv-chlorodithiobenzoic acid from p_-chlorobenzaldehyde.

All attempts ex

cept one produced an insoluble gummy material which would not dissolve
in 3M sodium hydroxide.

One attempt produced a brown substance (M.%

yield) which showed infrared absorptions for both -SH and -CN.

However,

the product could not be produced again and decomposed before other
analyses could be obtained.

2.

Preparation of Sodium Dithiobenzoates

An etheral solution of dithioacid, obtained after the hydrolysis of
the Grignard-CS 2 product or after the liberation of the acid from the
Zn salt, was extracted with 80 ml of aqueous 0.25M Na^CO^.

Dissolved

ether was removed (at 50°C) from the brown aqueous salt solution on a
rotary evaporator.

The solution was then filtered, the water removed

(at 60°C) on a rotary evaporator, and the crude salt dried under vacuum
at 70°C for 3 hrs.
95% ethanol.

The crude salt was then added to 125 ml of boiling

After a few minutes, the insoluble Na 2 C0.j was filtered

off, the solution boiled down to 50 ml, and an equal volume of benzene
added.

This reduction of volume and the addition of benzene was con

tinued until shiny crystals appeared.

The solution was then allowed

to cool to room temperature.

After 3 hrs., the crystals were collected

by filtration and dried under vacuum at 80°C for 6 hrs.
pared as above were as follows:
Na(fdtb)

Na(dtb) (red-orange plates), 78% yield;

(red crystals), 70% yield; Na(dtt)

yield; Na(mdtb)

The salts pre

(bright red needles), 75%

(red-orange crystals), 82% yield.

The sodium salt of p^-acetyldithiobenzoic acid was obtained as a
green powder in 64% yield upon removal of the ethanol under vacuum and
was used as such since all attempts at recrystallization yielded a brown
tar.

3. Preparation of the Tetraalkylammonium Dithioates
For convenience, this section will be subdivided according to the
type of tetraalkylammonium cation.

Of the thirteen salts prepared in

this study, two have previously been prepared but by a different procedure.
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These two salts are tetraethylammonium dithiobenzoate and

tetraethylammonium £-methyldithiobenzoate.

A. Tetraethylammonium Dithiobenzoates

All of the tetraethylammonium dithiobenzoates were prepared by
the following general procedure.

Any deviations in the recrystalliza

tion procedure will be discussed in detail under the individual salts.
To 15.0 mmol of a sodium dithiobenzoate suspended in 60 ml of
chloroform was added a solution of 2.40 g (41.1 mmol) of Et^NCl dis
solved in 30 ml of chloroform.
gentle boil for 2 to 3 minutes.

The chloroform was then heated to a
The resulting reddish-brown solution

was cooled in an ice bath for a few minutes before being filtered to
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remove the white NaCl precipitate.
upon removal of the chloroform.
crude product solidified.
to 80 ml of boiling THF.

A brown semi-solid mass was obtained

After drying for 3 hrs. in vacuo, the

The crystalline brown solid was then added
Methanol was added dropwise to the boiling

mixture until all of the solid dissolved.
down until crystals began to form.

At this point, enough methanol was

added to just redissolve the crystals.
heat and covered with a watch glass.

The solution was then boiled

The beaker was removed from the
After 6 hrs., the crystals were

collected by filtration, were washed with 50 ml of ethyl ether, and
were dried under vacuum.

(1) TEAdtb, Tetraethylammonium dithiobenzoate
Dark brown prisms were obtained after recrystallization of the
crude product from THF-methanol and were dried in vacuo at 78°C for
12 hrs. before analysis,

m.p. 137-138°C.

Yield:

81%.

Anal. Calcd.

for [(C2 H 5 )aN]S 2 C 7H5 , Ci 5 H 25 S2 *. C, 63.54; H, 8.91; N, 4.94.

Found:

C, 63.76; H, 8.98; N, 4.91.

(2) TEAp-dtt, Tetraethylammonium £-methyldithiobenzoate
Recrystallization of the crude product produced dark maroon needles
which were dried in vacuo at 78°C for 8 hrs. prior to analysis,
114-115°C.

Yield:

87%.

m.p.

Anal. Calcd. for [ ( C ^ ^ N ] , C ^ H ^ S ^ :

C, 64.58; H, 9.16; N, 4.71.

Found:

C, 64.03; H, 9.17; N, 4.58.

(3) TEAmdtb, Tetraethylammonium £-methoxydithiobenzoate
Brown mica-like plates were collected after recrystallization of
the crude product from THF-methanol.

The crystals were dried at 78°C

in vacuo for 12 hrs. prior to analysis,

m.p. 110-111°C.

Yield:

79%.
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Anal. Calcd. for [ ( C ^ ^ N j S ^ H j O ,
4.47.

Found:

C^H^S^O:

C, 61.28; H, 8.70; N,

C, 61.38; H, 8.84; N, 4.39.

(4) TEAacdtb, Tetraethylammonium ja-acetyldithiobenzoate
The crude product was too soluble in the THF/methanol mixture to
be recrystallized from it.

The salt was subsequently recrystallized

from acetone-ether as described below.
The crude brown solid was dissolved in 60 ml of acetone and the
solution filtered to remove any extraneous Et^NCl.

The solution was

boiled down to half the original volume and then cooled to room temper
ature.

Ethyl ether was then added until an oil formed.

The mixture

was heated to a gentle boil and acetone slowly added until the oil re
dissolved.

The flask was then stoppered, the solution allowed to cool

to room temperature, and the flask immersed in an ice-bath for 3 to 4
hours.

If an oil formed, the mixture was again heated to a gentle boil,

acetone added to redissolve the oil and the cooling procedure repeated.
Dark brown rectangular crystals were collected by filtration, were
washed with anhydrous ethyl ether, and were dried in vacuo at room
temperature for 12 hrs.
recrystn. 40%.

m.p. 64-65°C.

Yield:

crude product 87%; after

Anal. Calcd. for [ (C2 H^)^N]S 2 CgH^O, C ^ ^ ^ S ^ N O :

62.71; H, 8.38; N, 4.30.

Found:

c,

C, 63.06; H, 8.83; N, 4.21.

(5) TEAfdtb, Tetraethylammonium jg_-fluorodithiobenzoate
Dark maroon needles were obtained after recrystallization of the
crude product from acetone-ethyl ether as described in the preceding
procedure.
to analysis,

The crystals were dried at 63°C in vacuo for 8 hrs. prior
m.p. 87-88°C.

Yield:

74%.A n a l . Calcd. for
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[(C2 H 5 )4 N]S 2 C 7H 4 F, C 15 H 24 S 2NF:

C, 59.75; H, 8.04; N, 4.65.

Found:

C, 59.62; H, 8.28; N, 4.56.

B. Tetrapropylammonium Dithiobenzoates

All of the tetrapropylammonium salts were prepared by the general
procedure described below.

The physical appearance of the precipitated

crystals and the method of recrystallization will be discussed under
the individual salts.
An etheral dithioacid solution, obtained after the hydrolysis of
the Grignard-CS 2 product or after the liberation of the acid from the
Zn salt, was extracted with 100 ml of an aqueous 0.25M Na 2 C0 2 solution.
The dark brown aqueous salt solution was freed of dissolved ether on a
rotary evaporator (at 60°C).

The filtered salt solution was then added

dropwise to an ice-cold solution of 10.9 g (41.1 mmol) of tetrapropyl
ammonium bromide dissolved in 80 ml of distilled water.

The precipitated

microcrystals were then collected by filtration, were washed with 50 ml
of ice-cold water, and were dried under vacuum for 8 hrs.

(1) TPAphdtb, Tetrapropylammonium £-phenyldithiobenzoate
The grayish-brown microcrystals were recrystallized from THFmethanol as described in part (A) of this section for the recrystalliza
tion of the tetraethylammonium dithiobenzoates.

The resulting dark

brown needles were dried in vacuo for 8 hrs. at 78°C.
m.p. 139-140°C.

Yield:

Ana l . Calcd. for [ (C3 H 7 )4 N]S 2 C 13 H9 , C ^ H ^ S ^ :

72.22; H, 8.99; N, 3.37.

Found:

C, 72.81; H, 9.93; N, 3.22.

(2) TPAbendtb, Tetrapropylammonium £-benzoyldithiobenzoate

75%.
C,
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Recrystallization of the purple microcrystals from water afforded
large shiny mauve plates.

The crystals were dried in vacuo at 78°C for

12 hrs. prior to analysis.

Yield:

for [(C3 H 7 )4N]S 2 Cl4 H 90, C 26 H 37 S 2NO:

65%.

m.p. 117-119°C.

Anal. Calcd.

C, 70.37; H, 8.42; N, 3.16.

Found:

C, 70.17; H, 8.65; N, 3.02.

(3) TPA£-dtt, Tetrapropylammonium £-methyldithiobenzoate
The pink microcrystalline precipitate was recrystallized from THFmethanol as described in part (A) of this section for the recrystalliza
tion of the tetraethylammonium dithiobenzoates.

Dark red needles were

collected by filtration and were dried for 8 hrs. at 78°C.
m.p. 131-132°C.
N, 3.96.

Found:

Anal. Calcd. for [ (C3 H 7 )4N]S 2 C 10 Hi;l:

Yield:

80%.

C, 67.91; H, 9.99,

C, 68.30; H, 9.87; N, 3.93.

(4) TPAcdtb, Tetrapropylammonium j>-chlorodithiobenzoate
The maroon microcrystalline precipitate was dried in vacuo at 63°C
for 8 hrs. prior to analysis.
compound.

Yield:

75%.

No attempt was made to recrystallize the

m.p. 83-84°C.

C, 61.00; H, 8.64; N, 3.75.

Found:

Anal. Calcd. for [(C3H 7 )4N]S 2CH:

C, 61.21; H, 8.25; N, 3.75.

(5) TPAfordtb, Tetrapropylammonium £-formyldithiobenzoate
The red microcrystals were recrystallized from acetone-ethyl ether
using the procedure described in part (A) of this section for the re
crystallization of tetraethylammonium £-acetyldithiobenzoate (TEAacdtb).
The salt oiled out of solution very easily and was therefore very diffi
cult to recrystallize.

However, by the proper adjustment of the acetone-

ethyl ether ratio, brown mica-like crystals were obtained.

The crystals

were dried in vacuo at room temperature for 12 hrs. prior to analysis.
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Yield:

49%.

C20H33S2NO:

m.p. 82-82°C.

Anal. Calcd. for [ C ^ J ^ N ] S ^ g ^ O ,

C * 6 5 *33; H » 9 *07> N s 3 -8 1 *

Found:

C, 65.25; H, 9.43;

N, 3.72.

(6 ) TPAdtnap, Tetrapropylammonium 1-dithionaphthoic acid
Recrystallization of the pinkish-orange microcrystalline precipi
tate from THF yielded large red-orange needles.

The needles were

dried in vacuo at 78°C for 8 hrs.

prior to analysis. Yield:

m.p. 130-131°C.

[(

9.07; N, 3.59.

Anal. Calcd. for
Found:

C, 71.01;

C

^

^

N

]

72%.

: C, 70.88; H,

H, 9.39; N, 3.44.

(7) TPAbadtb, Tetrapropylammonium ]3-N,N-Dibutylaminodithiobenzoate
The dark maroon microcrystals were recrystallized from acetoneethyl ether as described in part (A) of this section for the recrystal
lization of tetraethylammonium £-acetyldithiobenzoate (TEAacdtb).
Brown mica-like plates were collected by filtration and were dried at
78°C in vacuo for 8 hrs.

Yield:

73%.

for [(C3H 7 )4N]S 2 C 15 H 22 N s C 27 H 50 S 2N 2 :
Found:

m.p. 102-103°C.

Anal. Calcd.

C, 69.45; H, 10.82; N, 6.00.

C, 69.41; H, 9.91; N, 5.97.

(8 ) TPAdtmes, Tetrapropylammonium 2,4, 6 -trimethyldithiobenzoate
Recrystallization of the pinkish-orange crystalline precipitate
from the THF-methanol, as described in part (A) of this section for the
tetraethylammonium dithiobenzoates, produced red to red-orange platelets.
The crystals were dried in vacuo at 78°C for 8 hrs. prior to analysis.
Yield:

85%.

C 22H39S2N:
N, 3.57.

m.p. 145-146°C.

Anal. Calcd. for [ ( C ^ ^ N ] S ^ q H ^

C ’ 69*21; H » 10-3 2 ; n > 3 *67*

Found:

C, 69.41; H, 9.77;
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4.

Preparation of the Dithioacid Complexes

This section includes (1) the preparation of known molybdenum(IV)
complexes by a new procedure,

(2) the preparation of new molybdenum(IV),

titanium(IV), and tin(IV) complexes, and (3) the attempted preparations
of new molybdenum(IV), titanium(IV), and tin(IV) complexes.

a. Known dithioacid complexes
(1) Mo(dtb)^, Tetrakis(dithiobenzoato)molybdenum(IV)
In a dry box, a solution of 1.00 g (2.65 mmol) of MoCl^'2CH 2CH 2CH 2CN
in 80 ml of dry benzene was added to a solution of 1.64 g (10.6 mmol)
of dithiobenzoic acid in 30 ml of dry benzene.

The mixture was refluxed

for one hour outside the dry box under a dry

nitrogen atmosphere. The

resulting dark blue solution was then poured

into a 250 ml beaker con

taining activated charcoal.

After two minutes of boiling, the mixture

was filtered and the treatment with charcoal repeated.
solution was then boiled down to about 30 ml
sit undisturbed for 24 hrs.

The dark blue

before being allowed to

Dark blue crystals were collected by

fil

tration and were recrystallized again from benzene before being dried
under vacuum at 78° C for 12 hrs.
Anal. Calcd. for Mo (S2 C^H,-)^:

m.p. 241°C (decomp.).

C, 47.44; H, 2.85.

Yield:

Found:

77%.

C, 47.01;

H, 2.77.

(2) Mo(£-dtt)^, Tetrakis(p-methyldithiobenzoato)molybdenum(IV)
To 1.79 g (10.6 mmol) of js-methyldlthiobenzoic acid in 25 ml of
dry benzene in the dry box was added 1.00 g (2.65 mmol) of
MoCl^* 2 CH 2 CH 2 CH 2 CN dissolved in 80 ml of dry benzene.

After refluxing

under nitrogen outside the dry box for a few minutes, the solution

changed to a dark blue.

The heating was discontinued after 1 hour and

the hot solution poured into a 250 ml beaker containing activated char
coal.

After boiling for 2 minutes, the mixture was filtered.

The dark

blue solution was boiled down to about 25 ml and was then allowed to
sit undisturbed for 24 hrs.

Dark needle-like crystals were collected

by filtration and were recrystallized once more from benzene before
being dried in vacuo at 78°C for 12 hrs.
(decomp.).

Anal. Calcd. for Mo (S„C„H_,), :
2

■

S, 33.53.

Yield:

Found:

O

/

H

76.4%.

m.p. 250°C

C, 50.24; H, 3.70; Mo, 12.54;

C, 50.31; H, 3.71; Mo, 12.57; S, 32.52.

(3) Mo(mdtb)^, Tetrakis(p-methoxydithiobenzoato)molybdenum(IV)
(a) In a dry box, a solution of 1.96 g (10.6 mmol) of
£-methoxydithiobenzoic acid in 25 ml of dry benzene was added to 1.00 g
(2.65 mmol) of MoCl^-2 CH 2CH 2 CH 2 CN dissolved in 80 ml of dry benzene.
After refluxing for 1 hour outside the dry box under dry nitrogen, the
initial reddish-brown solution changed to an emerald green.

The heating

was then discontinued and the hot solution poured into a 250 ml beaker
containing activated charcoal.

After 2 minutes of boiling, the solution

was filtered and the treatment with charcoal repeated.

The dark emerald

green solution was boiled down to about 25 ml and then allowed to sit
undisturbed for 24 hrs.

Dark green prisms were collected by filtration,

were washed with ethyl ether and were dried in vacuo for 8 hrs. at 78°C.
Yield:

77%.

m.p. 238°C (decomp.).

46.36; H, 3.41.

Found:

Anal. Calcd. for Mo(S 2CgH^0 )^:

C,

C, 46.62; H, 3.53.

(b) Since Mo(CO), and benzoic acid are known to react to form the
b

Mo(II) dimer, Mo 2 (0 C^H^)^,
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it was speculated that the analogous

dithio compound could be prepared by a similar reaction.

However, the

oxidative-decarbonylation of Mo(CO)^ with ]D-®ethoxydithiobenzoic acid
produced the Mo(IV) species, Mo(radtb)^.

The reaction was similar to

that observed between Mo(CO)g and bis (thio-gj-toluoyl)disulfide which
produced Mo(£-dtt)^.
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£-Methoxydithiobenzoic acid (3.54 g, 19.2 mmol) and Mo(CO)^ (1.00
g, 4.81 mmol) were dissolved in 50 ml of sodium dried toluene.
ture was refluxed under dry nitrogen for 6 hrs.

The mix

The initial reddish-

violet solution changed to purple and finally to dark green.

The solu

tion was then allowed to sit over night at room temperature.

The crys

tals were collected by filtration, were washed with 50 ml of 95% ethanol,
were recrystallized once from benzene, and were dried under vacuum at
room temperature for 12 hrs.

Although the infrared and nmr spectra of

the compound were identical to those of Mo(mdtb)^, the C and H analyses
indicated the presence of organic impurities.
further purify the compound.
C, 46.36; H, 3.41.

Found:

Yield:

30%.

No attempt was made to

Anal. Calcd. forMo(S 2CgH^ 0 )^

C, 51.60; H, 3.84.

b. New dithioacid complexes
(1) Mo(acdtb)^, Tetrakis(p-acetyldithiobenzoate)molybdenum(IV)
In a dry box, 1*00 g (2.56 mmol) of MoCl^*2 CH 2 CH 2 CH 2 CN dissolved in
80 ml of dry benzene was added to a solution of 2.08 g (1 0 .6 mmol) of
£-acetyldithiobenzoic acid in 25 ml of dry benzene.

After refluxing for

1 hour outside of the dry box under a nitrogen atmosphere, the initial
greenish-brown solution turned to a dark blue.

The heating was discon

tinued, the solution filtered while hot, and the benzene removed on a
rotary evaporator.

The complex was then dissolved in 60 ml of CHClg and
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the solution heated to boiling.
tate formed.

Ethanol (95%) was added until a precipi

CHCl^ was then added to the boiling mixture until the pre

cipitate just dissolved.

The solution was removed from the heat and was

allowed to sit undisturbed for 8 hrs.

Small dark blue platelets were

collected by filtration, were washed with 50 ml of ethyl ether, and were
dried for 8 hrs. at 78°C under vacuum.
comp.).

A n a l . Calcd. for Mo(S 2 CgH^ 0 )^:

S, 29.24; 0, 7.30.

Found:

Yield:

80.1%.

m.p. 235°C (de

C, 49.30; H, 3.22; Mo, 10.94;

C, 49.57; H, 3.29: Mo, 10.84; S, 29.46; 0,

7.27.

(2) Mo(bendtb)^, Tetrakis(p-benzoyldithiobenzoato)molybdenum(IV)
To 2.74 g (10.6 mmol) of ja-benzoyldithiobenzoic acid dissolved in
25 ml of dry benzene in a dry box was added a solution of 1.00 g (2.65
mmol) of MoCl^•2 CH 2 CH 2 CH 2 CN in 80 ml of dry benzene.

After 45 minutes

of refluxing under nitrogen outside of the dry box, the initial greenishbrown solution changed to a dark blue-green.

The solution was filtered

while hot and the benzene removed on a rotary evaporator.

No solvent

nor solvent mixtures could be found that would effectively separate the
impurities from the complex by recrystallization.

The separation was

therefore accomplished by chromatography on silica gel using benzene as
the elutant.

A glass column (diameter 2.5 cm) was packed to a depth of

15 cm with silica gel (as a benzene slurry).

One gram of the crude

product was dissolved in a minimum amount of benzene and was put on the
column.

A constant pressure of 8 Ibs/psi of

the top of the column.

was then maintained on

The complex eluted as a large slow moving broad

blue band preceded by a yellow, a pink, a yellow, and a green band
eluting in that order.

The complex was then recrystallized from
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benzene/ethanol.

Dark blue needle-like crystals were collected by fil

tration, were washed with 50 ml ethyl ether, and were dried for 8 hrs.
at 78°C in vacuo.
for Mo(S 2 Cl 4 H 90)4 :

Yield:

71.4%.

m.p. 241°C (decomp.).

C, 59.77; H, 3.23.

Found:

Anal. Calcd.

C, 59.43; H, 3.18.

(3) Mo(forddtb)4> Tetrakis(p-formyldithiobenzoate)molybdenum(IV)
A solution of 1.00 g (2.66 mmol) of MoCl^2 C H g C H 2 CH2CN in 80 ml of
dry benzene in a dry box was added to 1.93 g (10.6 mmol) of
j>-formyldithiobenzoic acid suspended in 30 ml of dry benzene.

The

mixture was refluxed for 1.5 hrs. outside the dry box under a nitrogen
atmosphere.

The resulting dark blue-green mixture was filtered while

hot and the residue washed on the filter with CHCl^ until the CHCl^
washings were no longer blue.

The benzene solution and the CHCl^ wash

ings were combined and the solvent removed on a rotary evaporator.

The

crude product was then purified in 0.5 g batches by chromatography on
silica gel as described previously for Mo(bendtb)4 .

The complex eluted

as a very slow moving broad blue band preceded by a pink, a yellow, and
a green band.

The purified complex was obtained as a blue powder upon

removal of the benzene under vacuum.

No solvent nor mixed solvent sys

tem was found useful for obtaining crystals .
dried under vacuum at 78°C for 8 hrs.
comp.).

Yield:

Anal. Calcd. for Mo (S2CgH,.0)4 :

The dark blue powder was
74.3%.

m.p. 236°C (de

C, 46.81; H, 2.46.

Found:

46.59; H, 2.63.

(4) Mo(fdtb)4 , Tetrakis(p-fluorodithiobenzoato)molybdenum(IV)
In a dry box, 1.00 g (10.6 mmol) of MoC1 4 •2CH 3 CH 2 CH2CN dissolved
in 80 ml of dry benzene was added to a solution of 1.80 g (2.65 mmol)

C,
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of £-fluorodithiobenzoic acid in 30 ml of dry benzene.

The greenish-

brown solution was refluxed for 1 hour under a nitrogen atmosphere out
side of the dry box.

The dark blue-violet solution was then poured while

hot into a beaker containing activated charcoal and the mixture heated
to boiling.

After 2 minutes, the mixture was filtrated.

The dark blue-

violet solution was boiled down to about 50 ml and ethanol (95%) then
added until a precipitate formed.

Enough benzene was added to the boil

ing mixture until the precipitate just dissolved.

The solution was re

moved from the heat and was allowed to sit undisturbed for 24 hrs.

Dark

blue-violet platelets were collected by filtration, were washed with 50
ml of ethyl ether, and were dried for 8 hrs. under vacuum for 8 hrs.
Yield:

73%.

m.p. 264°C (decomp.).

43.07; H, 2.07.

Found:

Anal. Calcd. for Mo(S^CyH^F)^:

C,

C, 43.18; H, 2.14.

(5) Mo(cdtb)^, Tetrakis(p-chlorodithiobenzoato)molybdenum(IV)
To a solution of 2.01 g (10.6 mmol) of £-chlorodithiobenzoic acid
in 25 ml of dry benzene in a dry box was added 1.00 g (2.65 mmol) of
MoCl.•2CH„CH 0 CH„CN dissolved in 80 ml of dry benzene.
4
3 2 2

After 45 minutes

of refluxing under dry nitrogen outside of the dry box, the initial
brownish-yellow solution turned green.
rotary evaporator.

Benzene was then removed on a

The complex was purified by chromatography on an

alumina column using benzene as the elutant.

A yellow band stayed at

the top of the column while a large blue band (the complex) traveled
quickly down the column.

The blue solution was boiled down to about

30 ml before being allowed to sit undisturbed for 24 hrs.

Small dark

blue needles were collected by filtration, were washed with 50 ml ethyl
ether, and were dried in vacuo at 78°C for 8 hrs. prior to analysis.
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Yield:

67%.

m.p. 260°C (decomp.).

C, 39.72; H, 1.91.

Found:

Anal. Calcd. for Mo(S 2C^H^C1 )^:

C, 40.66; H, 1.91.

(6 ) Mo(phdtb)^, Tetrakis(p-phenyldithiobenzoato)molybdenum(IV)
In a dry box, a solution of 1.23 g (5.32 mmol) of
£-phenyldithiobenzoic acid in 30 ml of dry benzene was added to 0.50 g
(1.33 mmol) of MoCl^•2CH 2 CH 2 CH 2 CN dissolved in 70 ml of dry benzene.
The resulting brownish-green mixture was refluxed outside the dry box
under nitrogen for 45 minutes.

The dark green solution was then poured,

while still hot, into a 250 ml beaker containing activated charcoal.
The mixture was heated to boiling before being filtered.
with charcoal was repeated.

The treatment

The solution was boiled down to about 25

ml before being allowed to sit undisturbed for 24 hrs.

Dark green

needle-like crystals were collected by filtration and were recrystallized
once more from benzene before being dried under vacuum at 78°C for 8
hrs.

Yield:

Mo(S 0 C._Hn) ,:
l

y 4

70.5%.

m.p. 245°C (decomp.).

C, 61.63; H, 3.59.

Found:

Anal. Calcd. for
C, 61.59; H, 3.85.

(7) Mo(oydtt)^, Tetrakis(o-methyldithiobenzoato)molybdenum(IV)
A solution of 1.00 g (2.65 mmol) of MoCl^•2 CH 2 CH 2 CH 2CN in 75 ml of
dry benzene in a dry box was added to 1.78 g (10.6 mmol) of
jD-methyidithiobenzoic acid dissolved in 25 ml of dry benzene.

After

refluxing for 1 hour outside the dry box under nitrogen, the brownishgreen solution turned dark blue-violet.

The hot solution was then

poured into a 250 ml beaker containing activated charcoal.

The mixture

was heated to boiling for 2 minutes before being filtered.

The dark

blue-violet solution was boiled down to about 30 ml and was then allowed
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to sit undisturbed for 24 hrs.
more from benzene.

The compound was recrystallized once

Dark blue-violet needles were collected by filtra

tion, were washed with 50 ml of ethyl ether, and were dried for 6 hrs.
at 78°C in vacuo.
for Mo(S 2 C 8H? )4 :

Yield:

80%.

m.p. 249°C (decomp.).

C, 50.24; H, 3.70.

Found:

Anal. Calcd.

C, 50.70; H, 3.85.

(8 ) Mo(dtmes)4 , Tetrakis(2,4,6 -trimethyldithiobenzoato)molybdenum(IV)
In a dry box, 30 ml of a dry benzene solution containing 2.09 g
(10.6 mmol) of 2,4,6-trimethyldithiobenzoic acid were added to 1.00 g
(26.5 mmol) of MoCl^*2CHgCH2 CH2CN dissolved in 80 ml of dry benzene.
An immediate precipitation of a dark green solid occurred upon mixing
of the two solutions.

The mixture was heated to reflux for 1 hour out

side of the dry box under a dry nitrogen atmosphere.
then filtered while hot to collect the precipitate.

The mixture was
The dark green

precipitate was washed first with 40 ml of hot benzene and then with
100 ml of hot chloroform.
for 8 hrs.

The precipitate was dried in vacuo at 78°C

Since it was very slightly soluble in benzene, chloroform

and other common solvents, no further attempts were made to purify the
compound.

Yield:

Mo(S 2 C10 H11)4 :

70%.

m.p. 343°C (decomp.).

C, 54.76; H, 5.07.

Found:

Anal. Calcd. for

C, 54.12; H, 4.88.

(9) Mo(dtnap)4 , Tetrakis(l-dithionaphthoato)molybdenum(IV)
To 2.17 g (10.6 mmol) of 1-dithionaphthoic acid dissolved in 25 ml
of dry benzene in a dry box was added a solution of 1.00 g (2.65 mmol)
of MoC1 4 •2 CH 2 CH 2 CH 2CN in 75 ml of dry benzene.

The initial brownish-

green solution changed to greenish-black after refluxing under a nitro
gen atmosphere outside of the dry box for 1 hour.

The benzene was then
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removed on a rotary evaporator to yield a dark green powder.

The crude

product was then recrystallized twice from chloroform/ethanol.

Dark

greenish-black platelets were collected by filtration, were washed with
50 ml of ethyl ether, and were dried in vacuo for 8 hrs. at 78°C.

77%.

m.p. 251°C (decomp.).

H, 3.11.

Found:

Anal. Calcd. for Mo(S 2 C^Hg)^;

Yield:

C, 58.13;

C, 57.63; H, 3.09.

(10) Mo(madtb)^, Tetrakis(p-N,N-dimethylaminodithlobenzoato)molybdenum(IV)
In a dry box, 1.00 g (2.65 mmol) of MoCl^•2CH^ 0 1 ,^ 2 CN dissolved
in 80 ml of dry benzene was added to a suspension of 2.09 (10.6 mmol)
of £-N,N-dimethylaminodithiobenzoic acid in 75 ml of dry benzene.
dark greenish-violet precipitate formed immediately.

A

After refluxing

for 1 hour outside the dry box under a nitrogen atmosphere, the mixture
was then cooled to room temperature.

The greenish-violet precipitate

was collected by filtration, was washed with 50 ml of benzene, and was
dried under vacuum.

The dried precipitate was then added to 250 ml of

2M NaOH and was stirred for a few minutes to liberate the amine from
its hydrochloride salt.

The green powder was then collected by filtra

tion, was washed several times with distilled water, and was dried under
vacuum at room temperature for 12 hrs.

Because of its insolubility in

all of the common organic solvents, the crude complex was not purified
further.
Found:

Anal. Calcd. for Mo(S 2 CgH^QN)^:

C, 49.06; H, 4.58; N, 6.36.

C, 47.84; H, 4.02; N, 5.99.

(11) Mo(eadtb)^, Tetrakis(p-N,N-diethyldithiobenzoato)molybdenum(IV)
To 25 ml of a solution of 2.40 g (10.6 mmol) of £-N,Ndiethylaminodithiobenzoic in dry benzene in a dry box were added 1 .0 0 g
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(2.65 mmol) of MoCl^'20^ 0 1 ^ Cl^CN dissolved in 80 ml of dry benzene.
dark greenish-violet precipitate formed immediately.

A

From this point

on, the procedure followed was as described above for the isolation of
Mo(madtb)^.

The crude Mo(eadtb)^ was also not purified further since

its solubility was not much greater than that of the dimethyl complex.
Anal. Calcd. for Moft^C-jjH^N) ^ :

C, 53.19; H, 5.69; N, 5.64.

Found;

C, 49.57; H, 5.43; N, 5.12.

(12) Mo(badtb)^, Tetrakis(p-N,N-dimethylaminodithiobenzoato)molybdenum(IV)
(a) To 25 ml of a dry benzene solution of 2.99 g (10.6 mmol) of
£-N,N-dibutylaminodithiobenzoic acid in a dry box was added a solution
of 1.00 g (2.65 mmol) of MoCl^*2 CH 2 CH 2 CH 2 CN in 75 ml of dry benzene.
A dark greenish-violet precipitate formed immediately.

The mixture was

refluxed for 1 hour outside the dry box under nitrogen and then cooled
to room temperature.

The crude product was collected by filtration and

was then freed from the hydrochloride salt as described above for
Mo(madtb)^.

The green powder was soluble enough in benzene to be re

crystallized from it.
a few minutes •)

(CHCl^ solutions of the complex decomposed within

Emerald green feather-like crystals were collected by

filtration were washed with 30 ml of benzene, and were dried in vacuo
at 78°C for 8 hrs.
for Mo(S 2 C^^H 22 N ) ^ :

Yield:

77%.

m.p. 277°C (decomp.).

C, 59.17; H, 7.30; N, 4.60.

Found;

Anal. Calcd.
C, 59.37; H,

7.25; N, 4.46.

(b) Mo(badtb)^ was also prepared by the reaction of
MoCl^*2 CH 2 CH 2 CH 2 CN with tetrapropylammonium £-N,
N-dibutylaminodithiobenzoate(TPA badtb).

This procedure is preferred
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since it avoids the formation of the amine hydrochloride.

To a solution

of 2.00 g (4.28 mmol) of TPAbadtb in 30 ml of dry benzene in a dry box
was added a solution of 0.40 g (1.07 mmol) of MoCl^^CHgCI^CH^CN in 75
ml of dry benzene.

The brownish-green solution was refluxed for 1 hour

outside the dry box under dry nitrogen.

The brownish-black solution

was cooled to room temperature and was filtered.

The bright green crys

tals were first washed with 50 ml of benzene and then with 50 ml of 95%
ethanol.

After being recrystallized from benzene, the emerald green

crystals were dried under vacuum for 8 hrs. at 78°C.
Anal. Calcd. for Mo(S2C15H22N)4 :

Yield:

C, 59.17; H, 7.30; N, 4.60.

81%.
Found:

C, 59.28; H, 7.21; N, 4.52.

(13) T i ^ t b ^ C l , Chlorotris(dithiobenzoato)titanium(IV)
In a dry box, a solution of 3.00 g (19.4 mmol) of dithiobenzoic
acid in 20 ml of dry benzene was added to a solution of 1.25 g (4.17 x
_3
10

mol) of tetrachlorobis(propionitrile)titanium(IV) in 10 ml of dry

benzene.

The resulting reddish-brown solution was heated to boiling

for two to three minutes and was then set aside to cool to room tem
perature.

After 4 hours, reddish-brown crystals were collected by fil

tration and were recrystallized from CS2 to yield brick-red needle-like
crystals.

These were dried under vacuum at room temperature for 6 hrs.

and then stored in vacuo in the dry box.
204°C (decomp.).
Found:

Yield:

Anal. Calcd. for T K S ^ H ^ C l :

1.62 g (71.6%).

m.p.

C, 46.44; H, 2.79.

C, 46.30; H, 2.93.

(14) Tiftndtb^Cl, Chlorotris(p-methoxydithiobenzoato)titanium(IV)
A solution of 2.50 g (13.6 mmol) of p_-methoxydithiobenzoic acid in
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20 ml of dry dichloromethane in a dry box was added to a solution of
_3
1.10 g (3.68 x 10

mol) of tetrachlorobis(propionitril&)titanium(IV)

dissolved in 15 ml of dry dichloromethane.

The dark reddish-brown so

lution was then heated to boiling while being vigorously stirred.
two or three minutes, a maroon precipitate formed.

After

The resulting slurry

was heated for an additional two minutes before being allowed to cool
to room temperature.

The precipitate was then collected by filtration

and was recrystallized from dichloromethane.

The dark maroon prisms,

which have a tendency to fall apart very easily, were dried under vacuum
at room temperature for 6 hours and were stored in vacuo in the dry box.
Yield:

1.95 g (83.7%).

Ti(SoCoH-,0) C l :
£ o /

3

m.p. 261°C (decomp.).

C, 45.52; H, 3.35.

Found:

Anal. Calcd. for

C, 45.01; H, 3.53.

(15) [Ti(dtb)^]2^9 y-Oxo-hexakis(dithiobenzoato)dititanium(IV)
Chlorotris(dithiobenzoato)titanium(IV)
to 100 ml of CS^.

(1.0 g, 1.84 mmol) was added

The CS 2 was heated carefully until all of the ti

tanium complex had dissolved (more CS 2 was added when necessary).

The

beaker was then removed from the heat and left in the fume hood until
all of the CS 2 had evaporated.

Thirty milliliters of hot benzene was

then added to the residue (which consisted of red crystals, Ti 0 2 , and
a black decomposition product), and the mixture was stirred vigorously
for a few minutes before being filtered.

This procedure was repeated

until no black material remained behind on the filter.

The red product

was then separated from TiC^ by recrystallization from CS2 .

The bright

red crystals were vacuum dried for 3 hours at room temperature and then
stored in vacuo.

Yield:

ca. 10% (variable),

m.p. 269°C (decomp.).

Anal. Calcd. for [ T i ^ ^ H ^ ] 20, ^ S ^ C ^ H ^ O :

C, 48.91; H, 2.94;

9^
Ti, 9.29; S, 37.31.

Found:

C, 48.71; H, 3.02; Ti, 9.04; S, 37.51.

(16) [TiCmdtb)^]2^9 y-Oxo-hexakis(p-methoxydithiobenzoato)ditItanium(IV)
A solution of 1.0 g (1.58 mmol) of chlorotris(pmethoxydithiobenzoato)dititanium(IV) in 100 ml of dichloromethane was
added to 75 ml of water in a 250 ml separatory funnel.
then shaken vigorously for about two minutes.

The funnel was

During this period, the

color of the dichloromethane solution changed from reddish-brown to a
deep greenish-black.

After the two layers had separated, the lower

layer was filtered to collect the suspended brownish-red precipitate.
The precipitate was washed first with 20 ml of acetone and then with
30 ml portions of dichloromethane until all of the brownish-red color
had been washed away leaving a red-orange powder remaining on the filter.
This powder was dried under vacuum at room temperature for 4 hours.

The

infrared spectrum of the crude powder contained two bands of approxi
mately equal intensity in the Ti-O-Ti region (800-700 cm ^ ) , one at 745
cm ^ and the other at 715 cm

Recrystallization of this crude material

from C I ^ C ^ yielded small bright red crystals whose infrared spectrum
contained the same two bands in the Ti-O-Ti region.

C and H analyses

of these crystals indicated the dimer, [Ti(S2 CgHyO)g]

•

Recrystalliza

tion of these same crystals (or of the crude powder) from dry C I ^ C ^ in
the dry box yielded bright red crystals whose infrared spectrum was
identical to that of the previous crystals in every respect except that
only one band, the 745 cm ^ band, was present in the Ti-O-Ti region.
The 715 cm ^ band had completely disappeared.

The crystals were dried

in vacuo in the dry box at room temperature for 3 hrs.

Physical measure

ments and analyses were obtained and reported for these crystals.

Yield:

0.575 g (59.5%).

Anal. Calcd. for [Ti(S2CgH70)3]20, Ti2S12C4gH4207 :

C, 47.59; H, 3.50; 0, 9.24; Ti, 7.91; S, 31.76.
3.81; 0, 9.02; Ti, 8.09; S, 31.32.
outside of the dry box:

Found:

Found:

C, 47.76; H,

Anal, of crystals recrystallized

C, 47.46; H, 3.53.

(17) Sn(dtb)2Cl2> Dichlorobis(dithiobenzoato)tin(IV)
The complex was prepared by a procedure similar to that used in
the preparation of the chlorotris(dithiobenzoato)titanium(IV) complex.
A dark yellow solution was obtained from the reaction of 1.0 g (2.51
mmol) of tetrachlorobis(butyronitrile)tin(IV) with 1.56 g (10.1 mmol)
of dithiobenzoic acid in 30 ml of dry benzene in a dry box.

After the

solution had cooled to room temperature, petroleum ether was added
dropwise until the yellow precipitate (which forms during the addition
of pet. ether) just redissolves.
was allowed to sit

The flask was again stoppered and

undisturbed for 4 hours.

were then collected by filtration.

Bright yellow needles

After being washed with 30 ml of

pet. ether, the crystals were dried under vacuum at room temperature
for 8 hrs. and then stored in the dry box.
m.p. 202°C.

Yield: • 0.86 g (68.9%).

Anal. Calcd. for Sn(C7H 5S2)2Cl2 :

C, 33.89; H, 2.04.

Found

C, 33.90; H, 2.14.

(18) Attempts to prepare Mo(CNdtb)4> Tetrakis(p-cyanodithiobenzoato)
molybdenum(IV), from Mo(fordtb)4
Since the experimental procedures used below were not significantly
different from those described in the literature references, no details
of these procedures will be presented.

Two of the procedures attempted

were one step reactions in which the £-formyl groups of the complex

Mb(fordtb)^ were to be directly converted into cyano functional groups.
The procedure of Parameswaran
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which required the reaction of Mo(fordtb)^

with lead tetraacetate and anhydrous NH^ in sodium dried benzene and
the procedure of Misona, Osa, and Koda
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which required the reaction

of Mo(fordtb)^ with iodine, sodium methoxide, and NH^ in MeOH, resulted
in the decomposition of the complex.

The brownish-black solids isolated

in each case contained no bands in their IR spectrum that could be at
tributed to a carbon-nitrogen triple bond.
Two other procedures tried required the isolation of the oxime of
Mo(fordtb)^.

This oxime was prepared by the reaction of Mo(fordtb)^

with NH^OH’HCl in a THF-MeOH mixture.

Addition of water precipitated

the green oxime complex which was collected by filtration and was dried
in vacuo.

An attempted dehydration of the oxime to a nitrile by re-

fluxing the oxime complex in acetic anhydride
tion of the starting material.
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resulted in the isola-

The procedure of van Es,

168

which required

the reaction of the oxime complex with NH^OH’HCl and sodium formate in
formic acid, resulted in the decomposition of the complex.

As in the

first two attempts, the solids isolated contained no bands in their IR
spectrum that could be attributed to a carbon-nitrogen triple bond.

(19) Attempts to prepare Ti(dtb)^, Tetrakis(dithiobenzoato)titanium(IV)
To 1.00 g (3.33 mmol) of TiCl4 •2CH3CH2CH2CN in 40 ml of dry di
chloromethane in a dry box was added 2.56 g (16.6 mmol) of dithiobenzoic
acid (dtbH) in 20 ml of dry dichloromethane.

The dark reddish-brown

solution was refluxed for 3 hrs. under nitrogen outside of the dry box.
The reaction mixture was cooled to room temperature, was taken inside
the dry box, and was filtered to collect the reddish-brown precipitate.

97

This precipitate was then recrystallized from CH2C12 .

IR and elemental

analyses obtained on the red needle-like crystals showed them to be the
monochloro complex, Ti(S2C^H^)2Cl

(Ti(dtb)3Cl).

The reaction was repeated in exactly the same manner as above except
that Nadtb(vacuum dried @ 110°C) was used instead of dtbH.

After reflux-

ing for 3 hrs., the mixture was filtered inside the dry box and the pre
cipitate washed with CH2C12 until the washings were almost colorless.
The filtrate and washings were separated into two equal portions.

From

one portion red crystals were obtained which were shown by IR and ele
mental analysis to be Ti(dtb)3Cl.

The other portion was taken out of

the box, was put on an alumina column, and was eluted with CH2C12 .

A

large reddish-brown band (probably Ti(dtb)3Cl) stayed at the top of the
column while a small pink band eluted quickly.

Pinkish-red needles were

obtained by recrystallization from CH2Cl2-ethanol.

Based on NMR (which

gave a singlet at 5.3 6 as well as the expected aromatic multiplets), IR,
and C and H analyses, the needles were formulated as being the methylene
diester,

(CgH,.CSS)-CH2-(SSCCgH,.) , found by the reaction between Nadtb

and CH2C12 .
Found:

Anal. Calcd. for ( C ^ S ^ C H , , ,

C, 56.00; H, 3.74.

C, 56.21; H, 3.78.

A search of the literature showed that meth

ylene diesters of carboxylic acids had been formed by refluxing CH2C12
solutions of tetrabutylammonium carboxylates for 4 days.
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An analogous

reaction was tried by refluxing a CH2C12 solution of tetraethylammonium
dithiobenzoate.

The diester formed quantitatively in a matter of minutes.

In a last effort to prepare Ti(dtb)^, an excess of Nadtb was reacted
under nitrogen with Ti(dtb)3Cl in both refluxing benzene and refluxing
THF.

In the first case, the chloro complex decomposed after an extended

period of refluxing in benzene.

In the latter case, the starting
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materials were recovered along with a small amount of insoluble bright
red crystals.

From IR and C and H analyses, the crystals were shown to

be the seven coordinated oxobridged species, [TiCdtb)^^^*

This species

was apparently formed by the reaction of the chloro complex with the
water of hydration on Nadtb.

(20) Attempts to prepare Sn(dtb)^, Tetrakis(dithiobenzoato)tin(IV)
To 1.00 g (2.70 mmol) of SnCl.*2CH0CHLCH„CN in 60 ml of dry THF in
4
3 2 2
a dry box was added 1.90 g (10.8 mmol) of Nadtb (vacuum dried at 100°C).
The mixture was refluxed under nitrogen outside of the dry box for 3 hrs.
The yellow reaction mixture was taken back inside the dry box and was
filtered.

The THF was removed under vacuum and the residue recrystallized

from dichloromethane-petroleum ether to yield bright yellow needles.
These needles were identical in every respect to the dichloro complex,
Sn(S2C7H 5)2Cl2 .
Found:

Anal. Calcd. for Sn(S2C7H5)2Cl2 :

C, 33.89; H, 2.04.

C, 33.90; H, 2.14.

The reaction was repeated in exactly the same manner as described
above except that Sn(dtb)2Cl2 was used as the starting material and ben
zene as the solvent.

The material obtained was shown to be identical to

the starting material in every respect.

D. Analyses and Physical Measurements

Analyses and physical measurements were carried out in the same
manner as described in Part I, Chapter II.

Analyses for molybdenum, ti

tanium, sulfur, and chlorine were performed by Galbraith Laboratories,
Knoxville, Tennessee.

Carbon and hydrogen analyses for the oxobridged

titanium compounds were likewise performed by Galbraith Laboratories.
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The dithioacids were not analyzed because of their extreme sensitivity
toward air oxidation.
The proton noise decoupled

13

C nmr spectra were obtained at ambient

temperature on a JEOL FX-100 spectrometer.
CDCl^.

The solvent in all cases was

Tetramethylsilane was added to the sample to act as an internal

reference.
The

NMR spectra were obtained at 60 MHz on a Varian Associates

A-60A spectrometer.

The

nmr spectra of the metal complexes were ob

tained at 60°C from saturated CDCl^ solutions.

A Varian Model 4343 tem

perature control was used to maintain the probe at this temperature.
Ethylene glycol was used for the high temperature calibration.
A Dupont Model 900 Thermal Analyzer was used to obtain differential
thermal analyses (DTA’s) from which melting and/or decomposition points
were obtained.

These melting/decomposition points were corrected for the

non-linearity of the thermocouples.

A Dupont Model 950 Thermogravimetric

Analyzer was used in conjunction with the DTA for thermogravimetric analy
ses (TGA's).

A nitrogen flow was used to purge the sample compartment

to protect the samples from moisture and oxygen during the thermal analy
ses.
Visible-ultraviolet spectra were recorded by means of a Gary-Model
14 recording spectrophotometer at ambient temperature.

The solutions

of air and moisture sensitive compounds were prepared in a dry box in
dry, deoxygenated solvents.
of 1 cm path length.

The spectra were obtained using quartz cells

A matched cell filled with the appropriate solvent

was placed in the reference beam.

A tight fitting teflon cap was used

to stopper the cells and protect the air and moisture sensitive solutions

1 0 0

from the atmosphere.
tion.

The solutions were run immediately after prepara

CHAPTER VI. 13C NMR STUDIES OF THE MOLYBDENUM(IV)
DITHIOBENZOIC ACID COMPLEXES

Of the fourteen molybdenum(IV) dithiobenzoic acid complexes pre
pared in this study, five were too insoluble in CDCl^or any other inert
solvent for

13

C nmr spectra to be obtained.

These five complexes are

Mo(dtmes)^, Mo(cdtb)^, Mo(eadtb)^, Mo(madtb)^, and Mo(badtb)^.
13

However,

C spectra were obtained for the remaining nine complexes and the cor

responding dithiobenzoic acids (or methyl esters) and their tetraalkylammonium salts.

These and spectral

the nine soluble complexes, all but
ents in the para position.

data will be discussed below.

Of

one, Mo(o-dtt)^, contain substitu

Mo(£-dtt)^, which contains a methyl group in

the ortho position, was prepared as a precursor to another series of
compounds and thus will not be discussed in great detail.
13

A. General Theory of

C Shieldings

For any nucleus _i, the magnetic field

required to obtain the

resonance condition at a particular

frequency is not equal to the

plied field H q , but is given by the

expression

H± = Ho (l-ai)

ap

(15)

where a., the screening constant, is a function of the chemical environment of that nucleus.

For a better understanding of

13

C shieldings, it

proves useful to break down the shielding constant, o^, into a set of
additive contributions,

1 0 1
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a . = c, + a + a'
1
d
p
where

(16)

represents a diamagnetic contribution due to the circulation

of local electrons induced by the applied field;

is the paramagnetic

contribution whose origin is the mixing of ground and excited states by
the applied field; and
shielding contributions
cule.

It has

fluencing

13

a'

is the neighbor atom term which represents

from allother atoms and electronsin the

generally been assumed that

C nmr shift differences.

%

P

—

in-

According to the expression for

0 ^ (Eq. 17) as derived by Karplus and Pople,
2

is thedominant term

mole
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2

V r 2m c AE

<r\
P

E «ab
B

<17)

the major parameters are the average electronic excitation energy (AE),
-3
the atomic 2p orbital dimensions as represented by <r >

,

and a term

2p
( Q^) including bond orders to adjacent atoms.

The term involving

arises because the external magnetic field acting on atom 15 mixes in
excited electronic states of the molecule and thereby induces a current
flow on atom A.

is significant only if there are both a and tt bond

ing between atoms A and

and thus depends directly on the multiple bond

_3
>~
term, on the other hand, is of
2p
13
predominant importance for rationalizing
C chemical shifts since it

order between these atoms.

The <r

depends primarily on the local electron density on the carbon atom.

An

increase in electron density at the atom will tend to expand the 2p
_3
orbitals; consequently, < r > „ will decrease the total a term and the
2p
P
overall screening constant,

will increase since o^ is negative.

In

-3
light of this, t h e < r > 2p term can be expected to reflect the influence
of inductive effects, of bond delocalization, and of steric factors on
13

C chemical shifts.

Eq, 17 thus predicts the following changes in

chemical shifts due to perturbations on the electronic environment of
a particular carbon nucleus:

(1) a low-field shift (deshielding of the

nucleus) due to a decrease in electron density,

(2) a high-field shift

(shielding of the nucleus) due to a decrease in multiple bond order, and
(3) a low-field shift (deshielding of the nucleus) due to a decrease in
the average electronic excitation energy.

B. Substituent Effects on the

172

13

C Chemical Shifts

of Unsaturated Frameworks

In unsaturated frameworks, delocalization of charge within the
ir-electron system produces large shielding changes due to the dependence
of the paramagnetic shielding term on the effective nuclear charge.
These effects are expected to be most dramatically felt at positions
more remote from the substituent than the point of substitution, as in
dicated by the canonical resonance structures below:

1©4

As can be seen from the structures above, electron-donating substituents
such, as NI^, OCH^, and F, delocalize their lone electron pair(s) into
the

it

system thus increasing the charge density at the ortho and para

carbons.

On the other hand, electron-attracting substituents, i.e. NC^,

CN, and COR, can further delocalize the it-electrons of the ring, thereby
reducing the charge density at the ortho and para carbons.

These changes

in the charge density at the aromatic carbons affect the paramagnetic
shielding term as described by Eq. 17.

Thus, substituents with lone

pairs shield the ortho and para carbons while electron-attracting sub
stituents have a deshielding influence.
Several studies

173-178
'
on a number of mono-, di-, and tri-substituted

benzenes have pointed out the additivity of the substituent effects when
the substituents are in the meta or para positions.

Deviations from

additivity for the ortho-substituted benzenes were noted and were attri
buted to other effects such as steric interactions and neighbor group
anisotropy which contribute considerably to the shielding.173,174,176 179
Nevertheless, the studies have led to the prediction of chemical shifts
based on the simple relationship (Eq. 18),
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6 = 128.5 + E A.(R)
c
. 1

(18)

1

where A_^(R) represents the chemical shift increment for a substituent R
in the ^ith position (C-l, ortho, meta, and para) .

A partial list of the

,
•
j ^
1.1 ttt
substituent
parameters ,
is presented
in t
Table
III. 172,178,179

. can be
.
As

seen from Table III (and as expected from the simple resonance forms),
the meta carbon shieldings in the substituted benzenes are relatively
insensitive to substituent effects, whereas the para carbons show chemical

105

TABLE III

EMPIRICAL PARAMETERS FOR THE CALCULATION OF
CHEMICAL SHIFTS IN SUBSTITUTED BENZENES

C-l
H
ch3

0

ortho
0

meta

para

0
0

-2.9

+9.3

+0.8

och3

+31.4

-14.4

+1.0

-7.7

F

+34.8

-12.9

+1.4

-4.5

+13.0

-1.0

+0.4

-1.0

COH

+8.6

+1.3

+0.6

+5.5

coch3

+9.1

+0.1

C0C,Hc
0 0

+9.4

+1.7

-0.2

+3.6

CS2CH3a

+16.2

-1.9

-0.4

+3.5

cs"a

+24.9

-1.8

-1 .8

+0.2

CS2Moa

+12.3

-5.4

-0.3

+4.3

C6H5

aFrom this study.

0

+4.2
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shifts of nearly comparable magnitude to those of the ortho positions.
Many comparisons between

13

C chemical shifts and theoretical calcu

lations of the if- and total electron densities have been made for monosubstituted benzenes
renes,

187

180—186

and more recently for 4-substituted sty-

4- and 3-substituted benzoic acids,

phenylacetylenes.

189

188

and 4-substituted

These studies are in general agreement that the

total calculated charge densities (both

cr

and

it

charge densities) give

a better overall correlation with chemical shifts than just the

ir

charge

densities, although both are equivalent for consideration of the para
positions only.

The ortho carbons, however, showed the least correlation

and again this was attributed to the contributions from steric interac
tions and neighbor group anisotropy to the shieldings.
The use of Hammett o constants has further aided in the understand
ing of substituent effects on the electronic system of aromatic and
• -,,1
j
178,180,190-195
aromatxc-like compounds.

. ..
,
.
Particular success has been

achieved in accounting for the chemical shifts at the para positions of
mono-substituted benzenes.

For the para carbons, the best correlation

has been obtained for a + c o e f f i c i e n t s . T h e s e
P

coefficients, ac-

cording to the formulation of Swain and Lupton, represent 66% contribu
tion of resonance to the charge density with the remaining 34% being due
to inductive effects.

196

The ortho and meta carbons vs a constants have

shown less regularity.

C.

13

C Spectra and Chemical Shift Assignments

Since dithiobenzoic acid and jv-fluorodithiobenzoic acid decomposed
rather readily, even in sealed ampoules, their

13

C nmr spectra could not
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be obtained.

However, the methyl esters of these acids were prepared

and were found to be extremely air stable.

Thus, the

13

C nmr spectra

of these thioesters were obtained and will be discussed below.
The numbering system for the dithioacids used in Tables IV-X in this
section are shown below:

CSgH

CH

CS

3

6

a. The dithiobenzoic acids and thioesters
The

13

C nmr spectra of the two thioesters and of six dithiobenzoic

acids in the 0-320 ppm range are shown in Figures 13-20.

As can be seen

from the spectra of the acids (except for the jv-phenyl and jD-benzoyl
derivatives) and from the spectra of the thioesters, four resonances are
generally observed in the aromatic region (-110-160 ppm), with the two
substituent-bearing carbons of considerably weaker intensity owing to
the low nuclear Overhauser enhancements.

108
The experimental and calculated chemical shifts for the unsubsti
tuted and para-substituted dithiobenzoic acids are presented in Table IV.
The chemical shifts for the ortho-substituted acid along with the shifts
of its corresponding tetrapropylammonium salt and molybdenum(IV) complex
are presented in Table V and will be discussed separately from the parasubstituted derivatives.
The extreme high-field resonances in the spectra of the £-methyl
(Figure 14, peak a), £-acetyl (Figure 18, peak a), and £-methoxy (Figure
15, peak a) derivatives and in the spectra of the thioesters (Figures 13
and 16, peaks a) were unequivocally assigned to the methyl carbons by
comparison with the spectra of monosubstituted benzenes containing similar
substituents.

Likewise, the carbonyl carbon resonances of the acids

containing the £-acetyl and ^-benzoyl substituents (Figures 18 and 19,
peaks f and i, respectively) were readily assigned by comparison with
the spectra of acetophenone and benzophenone, respectively.

The thiocar-

bonyl carbon resonances of the CSSH and CSSMe groups also presented no
difficulty in assignment since previous studies on thioketones indicated
that the thidcarbonyl carbon should resonate above 200 ppm.

197 198
*

Thus,

in all cases the extreme low-field resonances (<220 ppm) were unambigously
assigned to the thiocarbonyl carbons.

As can be seen in Table IV, the

thiocarbonyl carbon shifts appear to show interesting trends.

However,

by careful inspection of the chemical shifts, it can be seen that the
methyl group of the thioester linkage imparts an approximate 4 ppm downfield shift to the thiocarbonyl resonance.

This is in contrast to the

analogous benzoic acid compounds where the methyl group of the ester
linkage imparts an approximate 1.5 ppm upfield shift to the carbonyl

TABLE IV

13

No. X

a

C CHEMICAL SHIFTS (PPM) EXPERIMENTAL AND CALCULATED FOR THE AROMATIC DITHIOACIDS

C1

C2

C3

C4

Cl'

^2*

^31

^4’

CSS

a

-c h 3

144.7

126.6

128.1

132.0

228.5

20.5C

ch3

140.9
(141.8)

126.9
(126.6)

128.9
(128.9)

144.3
(141.3)

224.3

21.6

3

och3

136.5
(137.0)

129.3
(127.6)

113.4
(113.7)

164.2
(164.4)

222.0

55.6

4

F

141.0
(140.2)

128.9
(128.0)

115.1
(115.2)

165.3
(166.8)

226.1

20.6C

5

Ph

141.9
(143.7)

126.8
(127.0)

127.4
(127.1)

145.9
(145.0)

6

C0Hb

7

coch3

146.0
(148.9)

126.9
(126.6)

128.2
(128.2)

139.7
(141.1)

223.9

8

COPh

145.5
(148.3)

126.5
(126.4)

129.7
(129.8)

140.9
(141.4)

224.0

1

H

2

The calculated values appear in parentheses.
M e t h y l carbon of thioester.

b

139.4

127.0

128.9

128.3

CO

223.8

26.8

197.0

196.6

Compound not soluble in CDCl^ or other inert solvents.

TABLE V

13C CHEMICAL SHIFTS (PPM) OF THE ORTHO METHYL DERIVATIVES

Cmpd

C1

C2

C3

C4

S

C6

-c h 3

CSS

£-dttH

148.2
(145.5)

132.4
(135.9)

129.5
(128.9)

130.9
(132.0)

125.5
(125.2)

125.5
(126.6)

19.7

232.0

TPA £-dtt

159.6
(154.2)

129.7
(136.0)

129.3
(127.5)

124.7
(128.7)

124.5
(123.8)

124.2
(126.7)

19.5

259.1

Mo(o-dtt)^

143.1
(141.6)

136.0
(129.0)

130.6
(129.0)

131.6
(132.8)

126.7
(125.3)

125.7
(123.1)

19.7

220.2

110

TABLE VI

19f _13 c COUPLING CONSTANTS

(H

z

)

FOR THE

PARA FLUORO DERIVATIVES3,

Acid

Salt

Complex

J(F-C*)

255.6

248A

255.2

J(f -c 3 )

21.5

21.5

22.5

J(F-Qg)

8.8

8.6

8.8

J(F-Ci)

3-2

2.6

3-2

3.
Ci, Cg, Os; an<3 Ca refer to positions with respect to
the dithiocarboxyl group.
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resonance.

199

In any case, by taking into account the approximate 4 ppm

shift upon esterification, the average thiocarbonyl carbon chemical
shift is approximately 224 ppm.
This extreme low-field shift of the thiocarbonyl carbon (-224 ppm)
as compared to that of the analogous carbonyl carbon of benzoic acid
(168.5 ppm)

188 199
9
can be rationalized by consideration of the factors

contributing to the paramagnetic screening term c .
previous section,

As discussed in a

is not only directly related to the charge density

at a given atom but is also inversely proportional to the average excita
tion energy, AE.

It appears that AE is considerably smaller for the C=S

bond than for the C=0 bond, thereby resulting in a greater shielding for
the thiocarbonyl carbon.

This is supported by the fact that the dithio-

acids are highly colored and that the n-MT transition for the thiocarbonyl
group of the dithioacids occurs at a longer wavelength (515 nm, or lower
energy = 19,400 cm ^) than that of the carbonyl group of benzoic acid
( 320 nm, or higher energy = 31,250 cm ^ ) .
The assignments of the arene carbons of the parent compound, the
methyl ester of dithiobenzoic acid, were fairly straightforward.

The

assignment of the C(l) and C(4) carbon resonances were simplified by the
absence of a nuclear Overhauser effect for the quanternary C(l) carbon^^*
(see Figure 13, peak e) and the fact that carbons para to electronwithdrawing substituents in monosubstituted benzenes generally appear
in the 130-134 ppm range.

Thus, the low-field peak (144.7 ppm) in the

aromatic region of the spectrum (-110-160 ppm) was assigned to the C(l)
carbon while the peak at 132.0 ppm in the same region was assigned to
the C(4) carbon (Figure 13, peak d ) .

The assignments of the C(2,6) and

123
C(3,5)

( F i g u r e 13,

peaks c and b, respectively) resonances follow from

the original work of Spiesecke and Schneider
Cargioli

180

191

for the monosubstituted benzenes.

and Nelson, Levey, and
Carbons C(3) and C(5),

meta to the substituent, are generally less sensitive to substituent ef
fects than are carbons C(2) and C(6), which are ortho to the substituent.
Thus, the C(3,5) carbon resonances should not vary more than ca. 1 ppm
from the resonance peak of benzene itself (128.5 ppm).

Therefore, the

peak at 128.1 ppm was assigned to C(3,5) and the peak at 126.6 to C(2,6).
From these assigned chemical shifts, the substituent chemical shifts or
shift parameters for the CSSMe group were obtained and are tabulated in
Table III.
The aromatic carbon chemical shifts for the remaining parasubstituted acids were determined by shift increment calculations using
Eq.

(18) and the appropriate parameters from Table III.

The shift param

eters for CSSH and CSSMe were assumed to be essentially identical since
in the analogous benzoic acid derivatives, the shielding parameters for
COOH and COOMe differ by no more than 0.3 ppm.

As can be seen in Table

IV, the additivity of shifts appears to prevail for this series of com
pounds.

In no case does the deviation exceed ca. 3 ppm and in most cases

it is within + 1 ppm.

The signal assignments for ja-fluorodithiobenzoic

acid are further supported by the

19

F-

13

C coupling constants (Table V I ) .

For the £-phenyl and £-benzoyl derivatives, which contain additional
phenyl resonances, the signal assignments were aided by comparison with
the spectra of the corresponding tetraalkylammonium salts and molybdenum
(IV) complexes.
The chemical shifts of the various aromatic carbons of

12b
£-methyldithiobenzoic acid were also assigned from shift increment cal
culations as discussed above for the para derivatives.

However, as can

be seen in Table V and as expected from earlier studies,^73,174,176 179
the shifts of the aromatic carbons show somewhat more deviations from
additivity than the para derivatives and therefore should only be ac
cepted as tentative assignments.

The relatively large downfield shift

of the thiocarbonyl carbon for this acid (232.0 ppm) as compared to the
thiocarbonyl carbon shifts of the para-substituted acids (-224.0 ppm)
can be attributed to the reduced conjugation between the aromatic ring
and the thiocarbonyl group as a result of steric hinderance with the
ortho methyl substituent.

Thus, the thiocarbonyl group cannot assume a

conformation in which the thiocarbonyl bond and the ring are coplanar,
thereby decreasing the influence of the phenyl group (i.e. its electron
density enhancement).

b. The tetraalkylammonium dithiobenzoates
The

13

C nmr spectra of the tetraalkylammonium dithiobenzoates in

the 0-320 ppm range are shown in Figures 21-29.

The chemical shift as

signments for the aromatic carbons of the substituted arene ring were
determined by shift increment calculations as described in the preceding
section for the dithiobenzoic acids.

The shift parameters for the dithio-

carbonyl group CSS , were obtained from the carbon chemical shifts of the
unsubstituted compound, tetraethylammonium dithiobenzoate, and are pre
sented in Table III.

The carbon chemical shift assignments for the un

substituted arene ring were straightforward since the chemical shifts of
C(3,6) and C(3,5) carbons were identical (see Figure 21, peak c ) .

The

125

assignments of the other carbon resonances associated with the various
ring substituents were determined as described in the preceding section.
The resonances due to the carbons of the tetraalkylammonium cations were
assigned by comparison with the spectra of the corresponding tetraalkyl
ammonium chlorides or bromides.

The experimental and calculated chemical

shifts for the para-substituted derivatives are presented in Table V.

As

can be seen in Table V I I s there is excellent agreement between the ex
perimental and the calculated shifts.
two is not more than about + 1 ppm.

The maximum deviation between the
However, as expected for the ortho-

substituted derivative (Table V), there are considerable deviations from
additivity and thus the assignments for the arene ring carbons are only
tentative.
The effect of ionization of the thiocarboxyl groups on the chemical
shifts of the thiocarboxyl and arene ring carbon resonances can readily
be seen by comparison of the spectra and chemical shifts of the tetraalkyl
ammonium salts and the corresponding acids.

On ionization of the dithio-

carboxyl groups, the dithiocarboxyl carbons and ring carbons, C(l), show
downfield shifts by about 28-29 ppm and 8-12 ppm, respectively.

On the

other hand, the carbons at the ortho, meta, and para positions with
respect to the dithiocarboxyl group, show upfield shifts by 0.1-1 ppm,
1-2 ppm, and 2-4 ppm, respectively.

These results are very similar to

the results obtained by Nagata, Hasegana, and Tanaka for the analogous
meta and para-substituted benzoic acids.
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According to their study,

the displacements of the chemical shifts of the carbons at the ortho,
meta, and para positions due to ionization correlated very well with the
differences in the total electron densities of the benzoic acids and

TABLE VII

13C CHEMICAL SHIFTS (PPM) EXPERIMENTAL AND CALCULATED FOR THE DITHIOBENZOATES3

No.

X

1

H

2

cl»

CSS

-c h 3

ci

C2

153.4

126.7

126.7

128.7

253.6

ch3

150.4
(150.5)

126.6
(126.7)

127.2
(127.5)

138.7
(138.0)

252.3

21.1

3

och3

145.5
(145.7)

128.3
(127.7)

111.6
(112.3)

161.1
(160.1)

251.1

55.6

4

F

149.1
(148.9)

128.8
(128.1)

113.8
(113.8)

163.8
(163.5)

251.1

5

Ph

151.7
(152.4)

127.4
(127.1)

125.1
(125.7)

141.0
(14.1.7)

6

COH

158.8
(158.9)

126.8
(127.3)

128.5
(128.0)

135.3
(137.8)

251.6

7

coch3

157.4
(157.6)

126.3
(126.7)

127.1
(126.8)

136.2
(137.8)

252.2

8

COPh

157.1
(157.0)

126.3
(126.5)

128.9
(128.4)

137.9
(138.1)

C3

The calculated values appear in parentheses.

C4

140.7

136.6

C2 '

126.7

129.8

C3>

128.7

128.3

V

127.2

132.4

CO

252.1

252.5

192.2

26.8

198.0

196.6

fAT©

Cl© N'

TMS
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their carboxylate ion as obtained by the CNDO/2 MO method.
hand, the

13

On the other

C chemical shifts for the carboxyl carbon and CO-) carbon

moved downfield despite an increase in electron density.

These results

suggested that the displacements of the shifts for the carbons at ortho,
meta, and para positions are mostly influenced by electronic behavior on
dissociation, while the shifts of the carboxyl carbon and C(l) carbon
are affected by an electric field effect due to ionization and by changes
in factors of the paramagnetic term, a^.

Although calculations of charge

densities would be needed to substantiate this conclusion, it seems rea
sonable that the same explanations as above can be used to explain the
shifts of the dithiocarbonyl, C(l), ortho, meta, and para carbons of the
dithiobenzoic acids upon ionization of the dithiocarboxyl groups.

c. The molybdenum(IV) complexes
The
30-38.

13

C spectra of the molybdenum(IV) complexes are shown in Figures

The relatively large noise level in most of the spectra occurs

because the complexes are only slightly soluble in CDCl^ and thus longer
times and higher amplitudes were needed in order to obtain the spectra.
All of the carbon chemical shift assignments were determined as described
for the dithiobenzoic acids.

The shift parameters for the complex dithio

carboxyl group, CSSMo, are tabulated
The experimental and calculated

in Table III.
chemical shifts are

presented in

Table VIII for the para-substituted derivatives, while those of the orthosubstituted derivative are shown in Table V.

Again it is seen that the

additivity of shifts prevail for the para-substituted derivatives where
as there are the expected deviations

from additivity for

tive.

the para-derivatives will be

A discussion of the shifts of

the ortho deriva

TABLE VIII

13C CHEMICAL SHIFTS (PPM) EXPERIMENTAL AND CALCULATED FOR THE MOLYBDENUM COMPLEXES3

No.

X

1

H

2

C1

C2

C3

C4

cr

C2 ’

C3'

C4 1

CSS

-CH3

3.40.8

123.1

128.2

132.8

216.0

ch3

138.9
(137.9)

123.1
(123.1)

128.9
(129.0)

143.8
(142.1)

215.5

21.7

3

och3

135.1
(133.1)

125.1
(124.1)

113.4
(113.8)

164.0
(164.2)

214.4

55.6

4

F

137.4
(136.3)

125.4
(124.5)

115.5
(115.3)

166.3
(167.6)

214.2

5

Ph

139.7
(139.8)

123.6
(123.5)

127.0
(127.2)

145.3
(145.8)

6

COH

143.4
(146.3)

123.5
(123.7)

129.4
(129.5)

138.7
(141.4)

214.6

7

coch3

142.8
(145.0)

123.3
(123.1)

128.2
(129.5)

139.7
(141.4)

214.9

8

COPh

142.3
(144.4)

123.5
(122.9)

129.9
(129.9)

140.8
(142.2)

The calculated values appear in parentheses.

139.7

136.9

126.7

129.9

128.8

128.3

128.1

132.7

CO

214.6

214.7
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presented in the following section.

D. Comparison and Correlation of the Chemical Shifts of
the Dithiobenzoic Acids, the Dithiobenzoates, and
the Molybdenum Complexes

Since the primary goal of this study was to determine the effect of
complexation on the ir-aromatic system of the dithioacids, the majority
of the discussion will center around the free dithiobenzoic acids and the
corresponding molybdenum(IV) complexes.

Also, since the factors influenc

ing the carbon chemical shifts of the tetraalkylammonium dithiobenzoates
have been discussed in the previous section, the salts will not be dis
cussed in great detail in this section.

The ortho-methyl derivatives, on

the other hand, will not be discussed at all since more work on these
types of systems is necessary in order to unambigously assign the carbon
resonances and to determine the various factors affecting the

13

C chemical

shifts in these ortho-substituted compounds.
The experimentally observed shifts for the C(l), C(2), C(3), C(4),
and thiocarbonyl carbons of the dithiobenzoic acids, the dithiobenzoates,
and the molybdenum complexes are presented in Table IX.

The displace

ments of the carbon chemical shifts of the dithiobenzoic acids due to
the complexation of the acids to molybdenum are tabulated in Table X.
As can be seen in Tables IX and X, the greatest effect (-9 ppm upfield
shift) due to complexation occurs at the thiocarbonyl carbons.

A some

what lesser effect (-3 ppm upfield shift) occurs at both the C(l) and
C(2) carbons whereas virtually no effect is felt by the C(3) and C(4)
carbons of the molybdenum complexes vs. the

13

C chemical shifts of the

152

C(l), C(3), and C(4) carbons of the dithioacids are shown in Figures 39,
40, and 41, respectively.

These plots clearly illustrate the small ef

fect on the C(l) carbons and the lack of any appreciable effect on the
C(3) and C(4) carbons due to complexation.

(Also illustrated in these

figures are the effects due to the ionization of the dithiocarboxyl
group.)

Similar plots for the C(2) and thiocarboxyl carbons were not

drawn because of the small variations in the chemical shifts for these
carbons.
This lack of an appreciable effect on the C(4) carbon resonances,
as illustrated by the excellent agreement between the C(4) chemical
shifts of the acids and the complexes in Figure 41, provides good proof
that there is little or no delocalization of electron density from the
molybdenum into the n-aromatic system of the ligands or vice-versa.

Any

type of appreciable resonance interaction of the molybdenum with the

tt-

aromatic system of the ligand would be expected to involve both the C(l)
and C(4) carbons in these para-substituted compounds, thus altering the
electron densities at these particular carbon atoms.
electron densities would be reflected in the

13

This change in the

C chemical shifcs.

Further evidence against any delocalization of charge by the molyb
denum can be obtained by plotting the C (1 ) carbon resonances against the
Hammett a constants or other on-substituent constants.

Generally, it

has been found that for positions para to a substituent in a benzene
ring a good correlation exists between the carbon chemical shift and
either the Hammett o or

a

constants.

Thus, the para carbon chemical

shifts are considered to reflect the electronic influence of the substi
tuent on the iT-aromatic system.

Therefore, a plot of the para carbon
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TABLE IX

13C CHEMICAL SHIFTS (PPM) OF THE DITHIOBENZOIC ACIDS,
TETRAALKYLAMMONIUM SALTS AND MOLYBDENUM(IV) COMPLEXES

Compound

C1

C2

dtbH
£-dttH
mdtbH
fdtbH
phdtbH
fordtbH
acdtbH
bendtbH

144.7
140.9
136.5
141.0
141.9
-----

126.6
126.9
129.3
128.9
126.8
-----

146.0
145.5

Mo (dtb),
Mo(£-dtt >4
Mo(mdtb)^
Mo (fdtb)^
Mo (phdtb)^
Mo(fordtb),
Mo(acdtb)^
Mo (bendtb)^
TEAdtb
TEAjD-dtt
TEAmdtb
TPAfdtb
TPAphdtb
TPAf ordtb
TEAacdtb
TPAbendtb

C3

C4

CSS

132.0
144.3
164.2
165.3
145.9
-----

224.5a
224.3

126.9
126.5

128.1
128.9
113.4
115.1
127.4
----128.2
129.7

139.7
140.9

223.9
224.0

140.8
138.9
135.1
137.4
139.7
143.4
142.8
142.3

123.1
123.1
125.1
125.4
123.6
123.5
123.3
123.5

128.2
128.9
113.4
115.5
127.0
129.4
128.2
129.9

132.8
143.8
165.0
166.3
145.3
138.7
139.7
140.8

216.0
215.5
214.4
214.2
214.6
214.6
214.9
214.7

153.4
150.4
145.5
149.1
151.7
158.8
157.4
157.1

126.7
126.6
128.8
128.8
127.4
126.8
126.3
126.3

126.7
127.2

128.7
138.7
161.1
163.8
140.7
135.3
136.2
137.9

253.6
252.3
251.0
251.1
252.1
251.6
252.2
252.5

1 1 1 .6
113.8
125.1
128.5
127.1
128.9

3
^Corrected for the downfield shift due to the methyl group.
Compound too insoluble for spectra to be obtained.

2 2 2 .0
2 2 2 .la
223.8
-----

TABLE X

DISPLACEMENTS OF THE 13C CHEMICAL SHIFTS OF THE
DITHIOBENZOIC ACIDS DUE TO COMPLEXATION3

X

CSS

C1

C2

C3

C4

H

-3.9

-3.5

0 .1

0 .8

-8.5

£-CH 3

- 2 .0

-3.8

0 .0

-0.5

- 8 .8

£-och 3

-1.4

-4.1

0 .0

- 0 .2

-7.6

2 -F

-3.6

-3.5

0.4

1 .0

-7.8

- 2 .2

-3.2

-0.4

- 0 .6

-9.4

---

---

--

---

---

£ -coch 3

-3.2

-3.6

0 .0

0 .0

-9.0

£-COPh

-3.2

-3.0

0 .2

- 0 .1

-9.3

£-COHb

N e g a t i v e values denote upfield shifts due to complexation.
^Compound

to insoluble for spectra to be obtained.
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Carbon-13 chemical shifts of the C-l carbon in the
molybdenum(IV) complexes and the tetraalkylammonium
salts versus the carbon -13 chemical shifts of the
C-l carbon in the dithiobenzoic acids.
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A Mo complexes
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FIGURE bCo

Carbon-13 chemical shifts of the C-3 carbon in the
molybdenum(IV) complexes and the tetraalkylammonium
salts versus the carbon -13 chemical shifts of the
C-3 carbon in the dithiobenzoic acids.
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FIGURE 41.

Carbon-13 chemical shifts of the C-h carbon in the
molybdenum(lV) complexes and the tetraalkylammonium
salts versus the carbon -13 chemical shifts of the
C-h carbon in the dithiobenzoic acids.

1 5 8

chemical shifts vs. electronic influence of the substituent is perturbed.
The C(l) carbon chemical shifts of the dithiobenzoic acids, of the
dithiobenzoates, and of the molybdenum complexes were therefore plotted
against the Hammett constants and various other a11 constants.

The best

+
196
correlations were found for the Hammett a constants
(Figure 42) and
for the Taft

K

constants^'*' (Figure 43).

As can be seen in Figure 42,
“I"

6 (C^) for the salts and the complexes correlate very well with a

(r =

0.990 and 0.966, respectively) while (C^) of the acids show somewhat more
deviation (r = 0.941).
a°.
K

In Figure 43, the same holds true for (C^) v s .

The correlation coefficients for the salts, acids, and complexes

are 0.962, 0.905, and 0.976, respectively.

The plots in Figures 42 and

43 show that the electronic effects of the substituents are similar in
the free acids, the tetraalkylammonium salts, and the molybdenum com
plexes as confirmed by the correlation of the C(l) chemical shifts v s .

a

o
and a_ for the acids, salts, and complexes.
R

Moreover, the slopes of

the three lines in Figure 42 are very similar as are the slopes of the
three lines in Figure 43.

This indicates that the transmission of the

electronic effect of the substituent X is virtually unaltered in the
salts, acids, and complexes.

Therefore, these plots provide further

proof that there is little or no delocalization of electron density from
the molybdenum into the ir-aromatic system of the ligand or vice-versa.
Attempts were made to try to correlate the

13

C chemical shifts of

the C(2), C(3), C(4), and the thiocarbonyl carbons of the acids, salts,
and complexes with the various on constants, but no meaningful correla
tions could be found.

This is in agreement with previous studies on

substituted acetophenones,^^’^ ^

benzoic acid e s t e r s , a n d
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Carbon-15 chemical shifts of the C-l carbon in the
tetraalkylairanonium salts, the dithiobenzoic acids,
and the molybdenum( IV) complexes versus Hammett cr£.
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and the molybdenum(lV) complexes versus CTr.
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4-substituted styrenes.
Schneider

191

187

However,, from the work of Spiesecke and

the C(4) carbon was expected to correlate rather well with

substituent electronegativities.

From their electronegativities, which

were assumed to be that of the atom directly bonded to the ring, Figures
44 and 45 were obtained.

The correlation coefficients for these figures

are 0.968 and 0.976, respectively.
The upfield shift of C(l), C(2), and thiocarbonyl carbons due to
complexation (Tables IX and X) can only be accounted for at this point
by some type of nonbonding d^-orbital shielding effect associated with
the partially filled metal dr-orbitals and similar to the concept proposed
to account for the proton shifts in transition metal hydrido complexes.
A y-gauche steric interaction

204

172 202
*
between the C(2) carbon and a sul

fur atom on the dithiocarboxyl group cannot be used to explain the up
field shift of the C(2) carbon resonance, since this type of interaction
requires a polarization of the C-H bond which leads to a drift of charge
along the bond towards carbon, thus causing orbital expansion and hence
increased shielding.

However, this would require that the

nmr shift

of the proton on the C(2) be downfield from that of the free acid.

As

will be shown in the next chapter this is not the case since in all of
the complexes the C(2) proton moves upfield on going from acid to complex.
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CHAPTER VII. PHYSICAL-CHEMICAL STUDIES ON THE
DITHIOACID COMPLEXES

A. Thermal Studies

The molybdenum and titanium complexes were studied by means of dif
ferential analysis (DTA) and thermogravimetric analysis (TGA).

The

D T A ’s were obtained in the temperature range 0 to 500°C while the TGA's
were obtained in the 0 to 1000°C range.

On the thermal curves shown in

this section, the temperatures on the abscissa are uncorrected while the
corrected values are shown under the curves.

The titanium complexes will

be considered first since the thermogravimetric analyses (TGA's) along
with the elemental analyses and the infrared spectra were essential in
ascertaining the correct chemical formula for the complexes.

1. The Dithioacid Complexes of Titanium(IV)
The TGA and DTA curves for Titdtb^Cl are shown in Figure 46 (a)
and (b).

The DTA curve shows a rather sharp endothermic peak at 204°C

corresponding to the melting-decomposition point of the complex.

The

peak also corresponds to the temperature on the TGA curve at which the
major weight loss begins.

This loss in weight is equivalent to the loss

of one Cl plus the loss of the three dithiobenzoate groups plus the gain
of two oxygens.

The weight remaining corresponds to a residue of TiO^.

This residue, a white powdery material, changed to a lemon-yellow when
heated in a platinum boat over an open flame.
cooling.

The color faded upon

A search of the literature revealed that this color change is

16k
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characteristic of rutile, T i 0 2 , when it is heated to ^00° C or above.
Since a nitrogen purge was used, the source of oxygen for the formation
of TiO^ during thermal decomposition was probably from an H 2 O contaminate
in the nitrogen supply

or from atmospheric H20 that

of the sample compartment by the slow nitrogen purge.

was not flushed out
This

explanation

is reasonable in view of the fact that Ti(dtb)3 Cl reacts with humid air
with the elimination of HC1 and decomposes in water to TiC>2 and free
dithiobenzoic acid.
The TGA and DTA curves for [Ti(dtb )3 ]2 0 are shown in Figure ^7 (a )
and (b).

The DTA curve shows exothermic decomposition peaks at 269 ° C

and 279 ° C which correspond to the beginning of the principal weight loss
on the TGA curve.

This weight loss corresponds to the loss of the six

dithiobenzoate groups, thus leaving a residue that is Ti02 .

Following

this large weight loss is a very small but detectable weight loss at
800°C which corresponds to a loss of one oxygen.
is 9 *5 0 %

The weight remaining

original weight and corresponds to a residue that is

titanium metal (% Ti in [Ti(dtb)3 ]20 = 9-29%)•

The residue was a hard

silvery-gray material.
The DTA curve for Ti(mdtb)3 Cl (Fig. b 8 a ) shows a small exothermic
peak at lU8 °C followed

by a large, broad exothermic

peak at 261°C.

This

latter peak corresponds to the beginning of the large weight loss on
the TGA curve (Fig. h 8 a ) .

The weight loss is equivalent to the loss of

one Cl, plus the loss of three £-methoxydithiobenzoate groups plus the
gain of two oxygens, thereby leaving a residue of Ti03 .

The probable

source of oxygen has been discussed above.
The DTA curve for [Ti(mdtb)3 ]20 (Fig. ^9b) shows an abrupt change
from an endothermic peak to an exothermic peak between 26l°C and 271°C.
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This type of curve is indicative of melting followed immediately by
decomposition.

The peaks appear at the same temperature as the beginning

of the continuous weight loss on the TGA curve (Fig. b ^ a ) .

Unfortunately,

the curve never levels off and thus no chemical species can be correlated
with any weight loss.

2. The Dithioacid Complexes of Molybdenum(lV)

The thermal analyses of the molybdenum complexes produced very
limited information and thus will not be discussed in detail.

The thermal

curves of four complexes, which are representative of the series of
complexes, will be briefly discussed.
The TGA and DTA curves for Mo(dtb )4 are shown in Figure 50 (a) and
(b).

The DTA curve shows a small endothermic peak at l48°C which

corresponds to a very small weight loss on the TGA curve.

This loss is

probably due to the release of a small amount of solvent (benzene)
molecules which were trapped inside the crystals.

The

nmr spectrum

of the crystals from the same vial confirmed the presence of this residual
benzene.

Following the small endothermic peak on the DTA curve is a

sharp exothermic peak at 2^1°C.

This peak corresponds to the beginning

of the principal weight loss on the TGA curve between 2 U ° C and 800° C.
This weight loss is equivalent to the loss of three dithiobenzoate groups
plus the loss of a C6H 5C moiety.

A residue of MoS 2 accounts for the

weight remaining at 800°C prior to the final weight loss.

This weight

loss at 800°C can be explained by curve (b), the TGA curve for M 0 S2 .
The very drastic weight loss at 800°C on curve (b) corresponds to the
decomposition of MoS 2 to M 0 O3 and to the subsequent volatilization of
the freshly formed Mo 0 3 . ^ ^
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The TGA and DTA curves for Mo(mdtb )4 are shown in Figure 51 (a ) and
(b).

The DTA curve shows two exothermic peaks, one at 212°C and the

other at 2 ^ 8 ° C.

The smaller peak has no corresponding weight loss asso

ciated with it on the TGA curve and thus must be be due to some type of
nondestructive change in the crystals.

The larger peak, however, corre

sponds to the beginning of the continuous weight loss on the TGA curve.
The TGA curve never reaches a plateau and thus no chemical species can
be correlated with any weight loss.
The TGA and DTA curve for Mo(acdtb )4 are shown in Figure 52 (a)
and (b).

The DTA curve shows a sharp exothermic decomposition peak at

235°C which corresponds to the beginning of the weight loss on the TGA
curve.

As with the previous complex, the curve never levels off; however,

unlike the previous complex all weight is lost by 850°C.

It appears that

the decomposition to M 0 O3 is more efficient for this complex.

(Mo(fordtb )4

and Mo(bendtb ) 4 also yielded similar types of TGA curves.)
The DTA curve for Mo(badtb )4 (Fig. 53b) shows a very sharp endo
thermic peak at 277 ° C which probably corresponds to melting with decom
position since it is associated with the beginning of the weight loss on
the TGA curve (Fig. 53a )-

As before, no chemical species can be corre

lated with any weight loss since the curve never levels off.

(Mo(dtmes ) 4

is the only other complex which has an endothermic decomposition peak.)
No information could be obtained from the TGA curves of the remain
ing complexes since the curves never leveled off and the compounds
either continued to lose weight up to 1000 ° C or lost all weight by 900 °C.
Perhaps the only thing noteworthy about the DTA curves is that the
decomposition points of the complexes which have electron-withdrawing
groups para to the CS2 group generally exhibit lower values than those
which have electron-donating groups para (or ortho) to the CS2 group.
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The complex with both ortho and para directing groups, Mo(dtmes)4, is
markedly more stable (by some 70-100°C) than any other complex.

B. Infrared and Visible-Ultraviolet Spectra

The infrared spectra of the complexes and of the corresponding
dithioacids were obtained in nujol mulls in the NaCl and Csl regions.
Although the spectra were recorded over the entire region, only those
portions which contian pertinent bands will be discussed.

1.

The Dithioacid Complexes of Titanium(lV)

In Table XI are listed pertinent bands for the new seven-coordinate
titaniun(lV) complexes.

The vibrations associated with the ligands were

assigned in agreement with earlier work on the ligands and their complexes
with other metals.

207

The assignments of the Ti-Cl and Ti-S stretching

vibrations were straightforward based on the fact that they are the only
intense vibrations in the 3 0 0 -^0 0 cm ^ region of the complexes which are
absent in the ligands.

The assignments are in agreement with the previ-

ous work of Fay, et al.,

20 Q

complexes

on titanium N,N-dialkyldithiocarbamate

of the type Ti(S 2 CNR2 )n Cl^ n (n ~ 2,3,^-: R = Me, i-Pr, _i-Bu).

The Ti-O-Ti band assignments will be discussed below.
The infrared spectra confirmed that the four titanium complexes,
Ti(dtb)3 Cl, [Ti(dtb)3 ]2 0, Ti(mdtb)3 Cl, and [Ti(mdtb)3 ]2 0, are indeed
seven-coordinate species.

The more common coordination number of six

would result if one of the dithibenzoate ligands behaves as an S-bonded
monodentate ligand.

If a monodentate ligand were present in the complexes,

bands similar to the v(C=S) and v(C-S) vibrations of the aromatic dithioesters should occur in the vicinity of 1226 cm ^ and 667 cm \

respec-

TABLE XI

INFRARED FREQUENCIES (era"1) OF SOME PERTINENT ABSORPTIONS FOR
THE TITANIUM AND TIN COMPLEXES

v(phenyl-C)

v

as

(CSS)

vg (CSS)

V (Ti-0-Ti)

V (Ti-Cl)

V (TiSS)

Ti(dtb)3Cl

1255(vs)
(1248)
(1235)

995(vs)
(987)

(945)
940(vs)
(938)

---

400(ms)

355(ms)

Ti(mdtb)3Cl

1260(vs)

1025(ms)
1 0 0 0 (m)

940(s)

---

382(m)

342(m)

[Ti(dtb)3 ]20

1255(vs)
1243(s)
1248(ms)

1005(s)
(995)
(900)

942(ms)
935(ms)
928(m)

750(vs)

351(m)

[Ti(mdtb) 3 ] 20

1260(vs)

1029(s)
1 0 1 0 (m)

939(s)

745 (vs)

342 (m)

[Sn(dtb)2Cl2]

1247(vs)
1223(m)

989(s)

922

(Sn-S and Sn-Cl bands
overlap producing
broad band)

Q

vs = very strong; s = strong; ms = medium strong; m = medium; dtb = dithiobenzoate;
mdtb = £-methoxydithiobenzoate. Values in parentheses are shoulders.
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tively.

209

In no cases were there bands in the spectra of the complexes

which could be attributable to these vibrations.
utable to the antisymmetric v

ciS

Only those bands attrib

(CSS) and to the symmetric v (CSS) stretchs

ing modes of the fully chelated ligands were found.
The infrared spectrs were also very valuable in the formulation of
the two titanium complexes,
oxo-bridged species.
shows the

200-1000

[Ti(dtb )3 ]20 and [Ti(mdtb)3 ]2 0 , as dimeric

As can be seen in Figure 5 ^- (a ) and (b), which

cm ^ region of Ti(dtb)3 Cl and [Ti(dtb)3 ]30, respec

tively, and in Figure 55 (a ) an^ (b), which shows the

200-1000

cm

region of Ti(mdtb)3 Cl and [Ti(mdtb)3 ]20, respectively, the disappearance
of the Ti-Cl band around 350 cm ^ and the appearance of the very strong
and somewhat broadened absorption band in the otherwise clear region
around 750 cm ^ clearly signals the presence of the oxo-bridging.

It

is seen in Table XII that the assignments of the Ti-0-Ti stretching
vibrations in the new compounds are in good agreement with the assignpreviously made for known oxo-bridged complexes.
The pertinent bands for the tin complex, Sn(dtb) 2 Cl2 , are also shown
in Table XI.

Since this complex generated virtually no interest, it

was not thoroughly characterized.

However, its infrared spectrum ,

along with its chemical analysis, leaves no doubt that a new dithiobenzoato complex of tin(lV) has been prepared.
The visible-ultraviolet spectra of the ligands and complexes were
obtained in CHC13 and the wavelenghts of the absorption maxima are pre
sented in Table XIII.

This data will be discussed in the next section

along with the data for the molybdenum complexes.
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TABLE XII

Ti-O-Ti STRETCHING FREQUENCIES (cm-1) IN SEVERAL
TITANIUM OXO-BRIDGED COMPLEXES

Compound

Ti-O-Ti

K 2 [Ti(02 )(dipic)(H 20)]20

Ref.

740

210

770

211

715

212

730

212

725

213

710

214

(dipic = dipicolinic acid)

[CpTiCl2]20

[Cp2 TiX]20

X = F,C1

(Cp = cyclopentadiene) X = Br 7 I,NOg

[TiX(quin)2]20

X = Cl,Br

[Ti(quin)3]20
(quin = 8 -quinolinol)
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TABLE XIII

VISIBLE-ULTRABIOLET BANDS (in nm) FOR THE Ti(IV) AND
Sn(IV) DITHIOACID COMPLEXES3

Ti(dtb)3Cl

550 sh, 428 sh

335(4.59), 307(4.64)

Ti(mdtb)3Cl

550 sh, 435 sh

390 sh, 367(4.68)

[Ti(dtb)3 ]20

325 sh, 305(4.97)

[TiOndtb^^O

360(4.96)

Sn(dtb)3 Cl 2

380(3.94), 332(4.46)

a

sh = shoulder; log e in parentheses
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2. The Dithioacid Complexes of Molybdenum(lV)

The vibrational spectra of the molybdenum(lV) complexes in the
1000-400 cm ^ region are typical of completely chelated dithiobenzoate
complexes and are interpreted following previous lines of assignments.^
Selected infrared stretching frequencies are presented in Table XIV.
The frequencies of the corresponding acids are presented for comparison.
Although the infrared spectra of the tetraalkylammonium salts were also
obtained 7 the interfering bands of the cation made the assignments
uncertain and thus the corresponding bands of the dithiobenzoate anion
are not presented.
Generally,

there is nothing unexpected or unusual in the data.

However, the phenyl-fluorine stretching frequencies do exhibit some
interesting trends.

The data for the para-fluoro derivatives show a

30 cm ^ decrease in the phenyl-fluorine stretching frequency from acid
to salt but a nearly comparable increase from salt to complex.

This

behavior can be explained by the carbon-13 data found in Table IX, page
I5 3 .

The carbon-13 chemical shifts suggest that the carbon attached

to the fluorine has approximately the same electron density in both the
free acid and the molybdenum complex, whereas in the anion that carbon
has a slightly greater electron density as indicated by the somewhat
lower chemical shift.

This is in agreement with the observed decrease

and then increase in the phenyl-fluorine stretching frequency on going
from acid to salt to complex.

This behavior is also in agreement with

the infrared studies of Mohanty and Sarin

215

which revealed that as the

X group in substituted fluorobenzenes become more electronegative, the
phenyl-fluorine frequency increases.

m

TABLE XIV

INFRARED FREQUENCIES (cm-1)

SOME PERTINENT ABOSRPTIONS

FOR THE Mo(IV) COMPLEXES AND APPROPRIATE LIGANDS 3

Phenyl-C

SH
Mo(dtb),
dtbH

1270vs
1240vs

1020 vs

2540w

2530w

1275vs
1260s
1255s

952s

340w

1260m

1020

335w

2520w

1250m

1080vs
1040s

950m
945m
925vs

1030s

950s

335w

2470w

(1280)
1268vs
1260vs

1060vs

940s

1030s

950s

2500w

1272s
1255m
1245s

1065vs

935w

1025s

954m

2560w

1275vs
1260vs
1240vs

1065vs

935m

1274s
1245m

1030vs
1070vs

955m
945s

320w

2450w

1260mw
1240s

1032m
1060s

950mw
900m

330w

1265vs
1255vs

1035m
1070s

950m
935s

330w

1685vs
1670s

1275vs

1032s

335w

1660vs
1645vs

330w

Mo(cdtb)^
cdtbH
Mo(fdtb ) 4
fdtbH
TEAfdtb
Mo (phdtb)^
phdtbH
f
Mo (fordtb),
fordtbH
Mo (acdtb) 4
acdtbH

C-F

1035vs
1020 m
1065vs

Mo(mdtb)^
mdtbH

C=0

340w

Mo (a-dtt)^
£-dttH

Mo=S

950m
935s

Mo(£-dtt ) 4
£-dttH

SS(as) CSS(s)

c

2460w

Mo(bendtb ) 4

1055vs

930s

bendtbH

2460w

1240s

1060s

938s
920s
940m

Mo(dtmes)^
dtmesH

2520w

1250m
1260m

1035m
1070vs

962m
920s

335w

1235vs

330w

1240vs
1210 vs

c
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TABLE XIV (Continued)

Mo(badtb),
badtbH

1290vs
1270vs

1015mw
1050s

95Qmw
925m

335w

2540w

Mo(dtnap),
dtnapH

1235s
1240s

1005m
1040s

930mw
925m

345w

2520w

avs = very strong; s = strong; m = medium; w = weak.
Values in parentheses are shoulders.
b
as = asymmetric; s = symmetric.
Very weak or missing, shifted to lower frequency due to hydrogen
bonding in this hydrated acid.

The data for the electronic spectra of thirteen molybdenum(IV)
dithiobenzoato complexes are listed in Table XV.

The absorption data

for the free acids and their anions are listed for comparison.

The

spectral interpretations are in agreement with those of Piovesana and
Sestili

1^8 and with the more recent work of Niewpoort ans Steggerda. lb6

In the latter study, spectral assignments were made with the aid of
extended Huckel M.O. calculations for a number of Mo(V) and Mo(lV) tetrakisdithiocarbamato complexes along with two Mo(lV) tetrakisdithiocarcarboxylato complexes, Mo(j)-dtt)4 and Mo(dtnap)4 .

Based on the above

study, the spectra of the dithiocarboxylato complexes can be divided
into three catagories: (a) The high intensity adsorptions around 30 kK

(333 nm) are due to internal ligand
viously been observed to be above

■X*

tt-tt

transitions.

28 kK (357

These have pre
(b) The

absorptions between 11 and 29 kK (910-3^5 nm) are assignable to charge
transfer transitions.

(c) d-d transitions can be attributed to absorp

tions occurring between 7 and 11 kK (1^28-910 n m ) .

In support of the

foregoing assignments, no bands were found in the 7"l8 kK region for the
Ti(lV) and Sn(lV) dithiocarboxylato complexes, which are presented in
Table XIII.
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TABLE XV

VISIBLE-ULTRAVIOLET BANDS (in nm) FOR THE Mo(IV) COMPLEXES,
THF ACID LIGANDS, AND THEIR TETRALKYLAMMONIUM SALTS 3

Mo(dtb),
dtbH
TEAdtb

769 sh

Mo(£-dtt)^
£-dttH
TEAg_-dtt

781 sh

Mo(o-dtt)
4
£-dttH
TPAdtt

578 3.84),488(3.68),461(3.64
515 2.00)b
505 2.23)

320(4.69),295(4.79)

335 sh, 303(4.11)
370(3.90),283(4.01)

585 3.98),481(3.80),461(3.79) 340(4.73),305(4.04)
340 sh, 315(4.65)
520 2.40)b
373(3.85),305(4.04)
518 2.19)b

833(4.01)
556 3.71),490(3.67),450 sh
741 sh
505 2.03)b
497 2.11)b

325 sh, 296(4.75)
306(3.97)
352(4.17)

Mo(mdtb),
mdtbH
TEAmdtb

777 sh

592 3.89),469(3.74),444(3.76) 365(4.86),325(4.75)
343(4.26),335(4.19)
515 2.48)b
370(3.92),325(4.14)
515 2.29)b

Mo(cdtb),
cdtbH
TEAdtb

787 sh

585 4.04),490(3.88),461 sh
525 2.05)b
520 2.26)b

Mo(fdtb)^
fdtbH
TEAdtb

775 sh

575 3.69).483(3.52),461(3.51) 327(4.75),297(4.76)
325(3.94),305(4.16)
522 2.00)b
373(3.89),292(3.98)
520 2.08)b

Mo(phdtb)^
phdtbH
TEAphdtb

775 sh

602 3.92),490 sh, 465 sh
525 2.16)b
520 2.58)b

370(4.96),337(4.98)
343(4.26
370(3.97),314(4.38)

Mo (fordtb), 781 sh
fordtbH
TPAfordtb

610 3.90),510(3.74),481 sh
535 2 .12 )d
523 2.58)b

333(4.92),308 sh
347 sh, 299(4.26)
360(3.69),295(4.24)

Mo(acdtb)^
acdtbH
TEAacdtb

775 sh

606 3.98).505(3.82),478 sh
532 2.15)b
510 2.66)b

330(4.90),310 sh
340 sh, 300(4.27)
377(3.71),292(4.21)

MoCbendtb)^ 787 sh
bendtbH
TPAbendtb

606 4.01).505(3.82),474 sh
532 2.12)o
552 2.74)b

337(4.99),310(4.97)
338 sh, 300(4.31)
365(3.81),297(4.29)

337 (4.78),304(4.81)
340 sh, 310(4.24)
375(3.84),290(4.05)

1 8 8

TABLE XV (Continued)

MoCdtmes)^
dtmesH
TPAdtmes

775(3.61) 575 sh, 461(3.59),431 sh
709 sh
505(1.90)b
496(1.92)b

310 sh, <230
304(4.03)
352(4.20)

Mo(badtb)
badtbH
TPAbadtb

>847

410(4.68),372 sh
388(4.53)
388(4.53)

Mo(dtnaP )4

840(4.07) 559 (3.73),490(3. 76)
752 sh
510(2.20)b
500(2.26)b

dtnapH
TPAdtnap

629(4.21).559 sh, 467(5.05)
515(2.84)b
515(2.84)b

sh = shoulder; log e in parentheses,
^n ->ir band of thiocarboxyl group.

395(4.42),366(4.56),
250(4.81)
357(3.60),302(4.80)
354(4.16),330 sh
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Nmr and Magnetic Susceptibility Studies

Magnetic susceptibility measurements on the nine soluble Mo(lV)
dithiocarboxalato complexes were carried out in chloroform solution by
38
the nmr concentric tube method of Evans.

Susceptibility measurements

were not obtained for the titanium(lV) and tin(lV) complexes since
these respective d^ and d ^

species were not expected to exhibit any

paramagnetic behavior.
The nine Mo(lV) complexes studied were found to be diamagnetic
spin-paired d

2

species in agreement with the observed

symmetry

l^f-9

and with the proton nmr data (Table XVI) which showed normal phenyl
resonances without paramagnetic broadenings.

A small paramagnetism

(0.05 B.M.) was initially found for both Mo(acdtb)A and Mo(phdtb)4 ;
however, this was later attributed to the presence of a small quantity
of a paramagnetic impurity (probably Mo(V)) since the paramagnetism
vanished upon further purification.

Mo(badtb )4 was also initially

thought to exhibit some paramagetic behavior since the

nmr spectrum

of a dilute CDCI3 solution of the complex consisted of extremely
broadened signals.

However, esr studies on dilute GHCI3

solutions of

the complex as well as on the crystalline complex itself indicated the
presence of a small amount of a paramagnetic Mo(V) species.

Moreover,

the esr signals from the CHCI3 solutions of the complex were observed
to increase with time, thus indicating the decomposition of Mo(badtb )4
in CHCI3 .

As a further indication of decomposition, the uv-visible

spectra of the complex was also observed to change with time.
The

nmr data for the nine soluble Mo(lV) dithiocarboxalato

TABLE XVI

1H CHEMICAL SHIFTS (PPM) FOR THE Mo(lV) COMPLEXES, THE
ACID LIGANDS, AND THEIR TETRAALKYLAMMDNIUM SALTS

Cmpd

ortho

meta,para

dtbH
£-dttH
mdtbH
fdtbH
phdtbH
fordtblf
acdtbH
bendtbH
o-dttH

8 .0 2

7 .1 7 -7 .6 7 (7 .7 2 )
7 .H
6.83
6.9 9
7.56

TEAdtb
TEA£ -dtt
TEAmdtb
TEAfdtb
TPAphdtb
TPAfordtb
TEAacdtb
TPAbendtb
TPAo-dtt

8 .3 0
8 .2 5
8 .7 9

Mo(dtb)4
Mo(£ -dtt)4
Mo(mdtb)4
Mo(fdtb)4
Mo(phdtb)4
Mo(fordtb)4
Mo(acdtb)4
Mo(bendtb)4
Mo(o-dtt)4
Ti(dtb)3 Cl
Ti(mdtb)3 Cl
Sn(dtb)sCl2
cl

7-93
8 .0 8

8.o7
8 .1 2

ch3

8.71
8.71

7 .1 0 -7 .7 2 (7 .2 6 )
6 .9 7
6.72

7.39
7.83
7-75
7.63
-6 .8 3 -7 .2 5 (7 .0 7 ) —

7 .8 8

8 .2 5

8.27
8 .2 6

7 .1 5 -7 .5 5 (7 .3 5 )
7.11

(7 .^ 9 )

---

5 .6 0

( 7 .6 2 )

6.73

2.72
6.97
(7.77)
9.98
2.57

(7.56)

2.72
2.37
(7-72)
10.03

2-55

(7.58)

2.70
3.87

•
Compound too insoluble for spectra to be obtained.

■L

Values in parentheses are centers of multiplets.

---

5-97

2 .6 2

6 .8 3
7 .0 2

7.78
7.87
7.90
7.7^
7.1 7
7-53
6.95
7.57

SH

6 .2 0
6 .0 5
6 .2 7
6 .0 0

7 .1 1

6 .8 7

8 .2 8
8 .2 1
8 .3 0

7.78
7.87
7.93
7-9^
7.97
7-90
7-97
7.75

COH

6.27

---

8.07
7.93
8.17
7-79
- - 6 . 9 3 - 7 . 7 2 (7 . 1 8 ) —

other1
pnenyl

b

complexes and for the chloro complexes of both Ti(lV) and Sn(lV) are
reported in Table XVI along with the corresponding free acids and their
tetraalkylammonium salts.

The nmr spectra of the oxo-bridged Ti(lV)

complexes could not be obtained since they were insoluble in
decomposed in stronger coordinating solvents.

CDCI 3 and

As can be seen in Table

XVI, the signals due to the ortho protons of the Mo(lV) complexes are
shifted slightly upfield from their original positions in the uncomplexed
acids whereas the meta protons are not shifted at all.

A possible

explanation for this behavior has been presented in the previous
Chapter and was attributed to some sort of nonbonding d^-orbital shield
ing effect associated with the partially filled metal jd-orbitals.
The titanium(lV) and tin(lV) complexes which are d^ and d ^

systems

respectively have either empty or completely filled jd-orbitals and
would not be expected to show such a shielding effect.

From Table XVI

it would appear that such is true since the proton resonances for both
the ortho and meta protons of the titanium(lV) and tin(lV) complexes
are very little shifted from their original positions in the free acids.
It should be noted, however, that such comparisons may not be valid
since the complexes are not of the same type and geometry.

CHAPTER VIII. SUGGESTIONS FOR FURTHER WORK

As a result of the present research, there are a number of areas
which might serve as avenues for further study.
The first area in which work should be done is in the calculation
of the charge densities on the various atoms of the dithiobenzoic acids
in order to see if the same correlation between charge densities and

15C chemical shifts holds true as has been found
,
£
u
n.
.
. , 1
andj mTanaka
for
the
benzoic
acids.

by Nagata, Hasegawa,

8 8

Another experimental area which was not considered in this work
is the possibility of obtaining luminesence spectra for the dithio
benzoic acids.

An unsuccessful attempt was made for the tetraalkyl-

ammonium salts but this is not to be considered to be discouraging.
Further studies with not only the acids and salts but also with the
methyl esters of the acids are in order.
There are some items in the present research which have not been
thoroughly researched.

One of these is the preparation of tetrakis

dithiobenzoato complexes of titanium(lV) and tin(lV) in order to see
how they compare with

the molybdenum(lV) complexes.

Although the

first attempts at the preparation met with failure, other routes now
seem feasible. One of these would be to react the mono chloro complex,
Ti(dtb)3 Cl, with the silver salt of dithiobenzoic acid in order to try
to force the remaining chloride off. Another route
the isolation of the odorous dithioacid would be

which would eliminate

to react TiCl 4

directly with the Grignard addition product as indicated below.

TiCl4

+

4C6H 5CS2MgBr

-

192

(CsH 5CS2 )4Ti +

^MgBrCl

(19)

193
This latter route may be also applied to other projects in this
laboratory

which have not met with much success in their initial stages

such as the preparation of dithiobenzoato complexes of uranium(lV) and
gold(lll).

Anhydrous, THF soluble complexes of both metals should

be readily available.
Another interesting project which would open the door for a
number of related projects would be to try to prepare a Mo(lV) or
Mo(V) complex complex containing a terminally bonded sulfur atom along
with organosulfur ligands in order to try to mimic the coordination
site of biological molybdenum.

A complex of this sort might be prepared

by the reaction of one of the dithioacids with M 0 SCI2 or M 0 SCI3 "SCHsCN.
A very interesting seven-coordinated Mo(lV) species containing not
only a terminally bonded sulfur atom but also organic ligands containing
both sulfur and nitrogen might be prepared by the reaction of
the dithiobenzoic acids with the Mo(lV) complex, MoSCl 2 *phen (where
phen = phenthroline).

These complexes could then tested for any

activity similar to that of one of the molybdenum enzymes such as
nitrogenase,

nitrate reductase, or aldehyde oxidase.
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